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ABSTRACT
The structural and optical properties of Ion Beam Synthesised (IBS) 
semiconducting FeSig (P-FeSix) have been studied by transmission electron microscopy 
and optical transmission measurements.
A number of different orientation relationships between the p grains and the silicon 
substrate have been observed, which can be attributed to the existence of a variety of 
parallel plane pairs with the available small lattice mismatches. It is suggested that the IBS 
p-FeSig is incoherent with the silicon matrix.
The internal streaking contrast of the p grains results from the interfaces between 
coexistent p order domains which are 90° related to one another around [200]p. The 
interface of the adjacent order domains is (200)p. The mechanism for the formation of 
these order domain boundaiies has been investigated.
Face-centred cubic y-FeSi2  was observed in the as-implanted sample and the 
samples annealed at temperatures up to 600°C. It is suggested that the formation of the 
equilibrium p-phase is preceded via the transition y-phase due to the better lattice match 
with the silicon substrate.
Photon energy dependence of the absorption coefficient has indicated the existence 
of a minimum direct band gap in the IBS p-FeSij with an energy of 0.847eV at room 
temperature. The absorption below the fundamental edge can be mainly attributed to the 
presence of an exponential Urbach tail with the width of ~47meV at room temperature.
Measurement temperature dependence of both the direct band gap energy and the 
Urbach tail width has been analyzed using the Einstein Model, demonstrating the effect 
of thermal disorder on the band edge parameters. The variation of the band edge 
parameters with annealing temperature reflects the influence of structural disorder 
including bond distortion at the grain boundaries in the IBS p-FeSi^. Fe^ dose dependence 
of the band edge parameters has revealed the existence of the metallic FeSi phase in the 
samples with doses higher than 4x10’’ FeVcm^, leading to the slightly small direct band 
gap energy and relatively large Urbach tail width.
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CHAPTER 1
INTRODUCTION
Iron disilicide (FeSij) can exist in two stable phases: the metallic high temperature 
a-phase with tetragonal structure and the semiconducting low temperature P-phase with 
orthorhombic structure. The transition from one phase to the other occurs at 937°C [1]. 
Semiconducting FeSij (P-FeSig) has been drawing much attention in recent years. The 
interest is based on its compatibility with well-developed silicon technology and its 
reported direct band gap energy which can match some important infrared emission and 
detection windows, and hence open a number of applications for optoelectronic devices 
[2-4]. The advantages of P-FeSis also include its high temperature stability and a high 
degree of compositional uniformity over a large area [5].
p-FeSi2  can be fabricated on silicon substrate using a variety of techniques such 
as molecular beamepitaxy, solid phase epitaxy, reactive deposition epitaxy and ion beam 
synthesis [6-9]. Ion Beam Synthesis (IBS) of epitaxial silicides is a novel technique which 
employs high dose ion implantation into a heated substrate and subsequent annealing at 
a high temperature to produce a buried layer. It has been demonstrated that buried p-FeSig 
layers can result in high quality, for example a hole mobility as high as 104 cmW s has 
been successfully achieved by the IBS technique [10]. In addition, in-situ patterning of the 
buried silicide layer can be realized using an implantation mask.
Among the optical properties of p-FeSi2  the nature of the energy band gap is of 
great interest not only to fundamental research but also to the development of new 
optoelectronic devices. There has been some experimental evidence of a minimum direct 
band gap energy of ~0.85eV at room temperature [2-4], and the band-edge related 
emission was observed from photoluminescence at a wavelength of around 1.54pm [11] 
that is compatible with current optic fibre communication system. However, band structure 
calculations suggested an indirect gap with a slightly smaller energy than the direct one 
[12, 13], that has also been supported by some other experimental results [10, 14, 15].
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Obviously, the nature of the P-FeSig band gap is still open to question.
Structural, electrical and optical studies over the last few years have indicated that 
the properties of P-FeSig vary considerably with growth techniques and heat treatment 
conditions. For example, the hole mobilities in the chemical vapour deposition epitaxial 
P-FeSig were measured to be about 10 cm W s at room temperature, whilst, as mentioned 
above, the hole mobilities in the IBS p-FeSij was found to be approximately 10 times 
higher [10]. It has also been noticed that the structure of the IBS p layer is very much 
dependant on the conditions of ion implantation and subsequent annealing due to the 
complexity of the p-FeSi^ formation as the synthesis is so far from equilibrium. The 
structural properties can have significant effects on the other properties of the material. 
Therefore, further structural investigation needs to be carried out towards understanding 
its influence and thus searching for a process to obtain p-FeSig of high quality.
The objective of this work has therefore been directed to understanding the optical 
absorption processes in the IBS p-FeSij in order to clarify the nature of the energy band 
gap, and to evaluate the effects of annealing temperature and iron dose on both the 
structural and optical properties.
This thesis is divided into five major parts. In chapter 2, followed by a brief 
history of the p-FeSis investigation, the structural, electrical and optical properties which 
have been studied so far will be reviewed. Different techniques used in determining the 
optical absorption coefficient in semiconductor materials will also be outlined. In chapter 
3, fundamental theories which provide bases for discussions in the following chapters will 
be summarized. Experimental details including sample preparation, system description and 
measurement procedures will be presented in chapter 4. In chapter 5, the transmission 
electron microscopy observations of the IBS FeSis microstructure and the results of optical 
transmission measurements will be shown. Chapter 6 will concentrate on discussion of 
the experimental results, leading to clarifying the nature of the energy band gap, better 
understanding the formation of the IBS p-FeSiz and its microstructure, and evaluating the 
influences of annealing temperature and iron dose on the structural and optical properties. 
Finally, in chapter 7, conclusions and suggestions for future work will be outlined.
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CHAPTER 2
REVIEW
2.1 Introduction
According to the Fe-Si binary phase diagram near the FeSij composition, which 
has been established by several authors [1-9], iron disilicide (FeSi2 ) can exist in two stable 
phases: metallic high temperature and semiconducting low temperature phase, a-FeSij and 
P“FeSi2  respectively. a-FeSl2 deviates from stoichiometry by about 13% Fe vacancies [10] 
and has a tetragonal structure (ûf=6=0.2695nm and c=0.5390nm) with 3 atoms per unit cell
[11]. p-FeSi2 is of orthorhombic symmetry (a=0.9865nm, 6=0.7791nm and c=0.7833nm) 
with 48 atoms per unit cell [12] and has a stoichiometric composition. The transition from 
the a- to p-phase occurs at 937°C [10]. Cubic FeSi2  (y-FeSix) is a recently discovered 
metastable phase which has a fluorite structure (CaF2) with the lattice parameter nearly 
identical to that of silicon (ag;=0.5431nm) [13].
Early studies on FeSig were conducted by Birkholz and Naegele in 1968. They 
used a hydrostatic pressing technique and a process of subsequent sintering in a hydrogen 
atmosphere at 1150°C to produce FeSi2  for electrical, magnetic and thermal measurements
[14]. In 1970 Birldiolz and Naegele reported the results of a reflectivity study at 
wavelengths of 1-25pm for both a- and p-FeSi2 which were prepaied using a normal 
freezing method to reduce the porosity in the material [15, 16]. After their pioneering 
work not much further investigation was carried out until 1985. Bost and Mahan studied 
the optical properties of p-FeSi2  grown by furnace reaction of ion beam sputtered iron 
layers with polished silicon wafers [17]. Their experimental results showed a minimum 
direct band gap energy of 0.87eV at room temperature, which stimulated great interest in 
the material and extensive studies have been carried out since then from practical and 
fundamental viewpoints.
Investigations over the last ten years haVe been concentrated on structural.
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electrical and optical properties of p-FeSig fabricated by different methods. In this chapter 
the results obtained so far will be summarized, and the techniques used in determining the 
optical absorption coefficient in semiconductors will also be briefly reviewed.
2.2 Semiconducting FeSii
2.2.1 Structural properties
Epitaxial FeSi2  layers on either Si(lOO) or S i(lll)  substrate can be produced by 
various techniques, such as Solid Phase Epitaxy (SPE), Molecular Beam Epitaxy (MBE), 
Reactive Deposition Epitaxy (RDE), Low-Pressure Chemical Vapor Deposition (LPCVD), 
Ion Beam Synthesis (IBS), Chemical Beam Epitaxy (CBE) [20] and Molecular Beam 
Allotaxy (MEA) [19]. In the IBS technique, iron is implanted and thus distributed at 
different depths in the substrate. Subsequent annealing is important for the formation of 
a buried epitaxial layer and removal of implantation-induced damage. This technique 
differs from others, such as SPE where iron is deposited at room temperatuie and a 
subsequent heat treatment forms an FeSiz layer on the Si substrate; and MBE where iron 
and silicon are codeposited in stoichiometric proportion on the heated substrate [18]. 
Structural characterization of the IBS FeSi2  has been performed using both in-situ and ex- 
situ techniques such as Reflection High Energy Electron Diffraction (RHEED), Rutherford 
Backscattering Spectroscopy (RBS), X-Ray Diffraction (XRD) and Transmission Electron 
Microscopy (TEM).
The p-FeSi2  films grown on the Si(lOO) substrates by RDE and MBE were studied 
by Mahan et al using HREED and TEM [21]. The results showed a high degree of 
epitaxial alignment with the substrate during the growth, and the observed hétéroépitaxial 
relationship between the p layer and the silicon matrix was (100)p//(001)sj and
[010]p//<l 10>si, indicating that although the Bravais lattice of the p-phase is orthorhombic 
and there is no close lattice match to cubic silicon, an acceptable lattice match is still 
achievable via the formation of a reasonable sized unit mesh common to the 
crystallographic faces of two materials. Twins with a rotation of 90° about the [100]p
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direction were expected due to the fourfold symmetry of the (001)g| face, however, they 
were never detected by either Low-Energy Electron Diffraction (LEED) or TEM. The 
epitaxial orientation relationship and morphology of p-FeSi^ were also studied by Geib et 
al using RHEED and TEM [22]. They observed two different azimuthal orientations which 
were dependent on growth methods and conditions, though the matching crystallographic 
faces, (100)p//(001)si, remained invariant. The [010]p//<110>sj orientation (type A) was 
found in the samples grown by RDE and MBE at temperatures between 300 and 500°C; 
while [010]p//<100>si (type B) was observed only in the SPE samples fabricated at 250°C. 
Both the type A and B existed in the RDE and MBE p-FeSij produced at 550-700°C. 
Figure 2-1 shows these two orientation relationships with their respective common unit 
meshes, in which the relative lattice orientations have been established. The linear lattice 
mismatches for the common unit meshes of the type A and B are +1.8% and -4.0%, 
respectively, according to the definition given by (ap-agj/asj.
For F eS iz (1 0 0 )/S ;(0 0 1 )
+ + + + + + +
,  C om m on Unit Mesh , ,
.31 M + + ++ +
+ +
I X
±0.3%
+ +
+ +
Si Unit M eshes
------------- Conventional
+ 1.8 % * ®
+ + +
(3^
X y
+
FeSi2 Unit M eshes  
  Primitive
For F eS l2 (l0 Q )/S i(0 0 1 )
+ + + +
+  • +  • +  Common Unit Mesh
122 Â2
+ •>
SHOO] I I F e^ iq iO ]
+  +
Si Unit M esh es FeSio Unit M eshes
C onventional Prim itive
(a ) (b )
Fig. 2-1 Type A (a) and type B (b) hétéroépitaxial relationships and their lattice matches. 
The Si net is denoted by • and the FeSi^ net represented by +. (After Geib et al [22])
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It was surprising that the type A was not favored, despite its smaller lattice 
mismatch than that of the type B. A rough surface was observed in the thick type A layer, 
that was attributed to a strong islanding tendency. On the other hand, although a smooth 
surface could be achieved when using SPE or MBE at a growth temperature as low as 
~200°C, there was some loss of purity in the epitaxial alignment and only the type B 
orientation relationship observed. The coexistence of both type A and B was reported by 
Kanel et al in the MBE grown thin p layers on the Si(lOO) substrates [23]. Pure type A 
was observed only in the 300nm-thick film.
SPE p-FeSij grown on S i(lll)  was studied by Cheng et al [24] and Cherief et al 
[25]. The observed orientation relationship was (101)p//(lll)g; and [010]p//<110>g;. Since 
the lattice parameters of b and c for the p-phase are very similar, the difference between 
the reflections of (lOl)p and (llO)p can not be distinguished, thus an equivalent orientation 
relationship, (110)p//(lll)g| and [001]p//<110>gj, was also suggested. These orientation 
relationships were explained by small lattice mismatches between {110}gj and (020)p or 
(002)p, which were evaluated to be about 1.4% and 2%, respectively. In addition, a 
different orientation relationship, (001)p//(l 1 l)g; and [I00]p//<112>, was also observed in 
this material and noticed to be associated with a large p grain size of a several tens of pm 
[23].
P layers formed by implanting Fe^ at an energy of 450KeV on S i(lll)  and 
subsequently annealing at 600°C and 900°C were investigated by Oostra et al [26]. A 
225nm-thick layer (dose of 6x10*  ^FeVcm^) was buried about 125nm below the top Si 
surface and contained the p grains with lateral dimension of approximately 5 pm. The 
observed orientation relationship was (llO)p or (101)p//(lll)g; and <lll>p//<110>gj. For 
the sample with a dose as high as 1x10'^ Fe^/cm^, the layer was formed on the surface and 
XRD patterns indicated the presence of not only P-FeSi^ but also FeSi and FcjSij phases. 
Radermacher et al studied the IBS a- and p-FeSij layers implanted at 200keV and with 
doses of l~3xl0 ‘^  FeVcm^ on the S i( lll)  substrates [27]. The a  layer was formed by a 
rapid thermal annealing at 1150°C for 10s, while the p layer was obtained via a 
subsequent prolonged annealing of the a-FeSij sample below the phase transition 
temperature, specifically at 750°C for 20h. The RBS result showed various p-FeSij/Si 
orientation relationships, and the TEM image illustrated a buried layer of thickness 95nm
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and sharp (3/Si interfaces. Using a two-step annealing process as performed by 
Radermacher et al to form p-FeSi2  was supposed to overcome the problem that some p 
precipitates remained on both sides of the layer in the matrix. A detailed study for such 
samples was carried out by Gerthsen et al [28]. Compared to the IBS samples annealed 
only once bellow the transition temperatures of 937°C, the layer was composed of larger 
P grains, and different orientation relationships, (001)^ or (010)p//(l 1 l)si & [001]p//<l 10>g; 
(type I) and (OOl)p or (010)p//(l 1 l)gj & [I00]p//<110>g; (type II), were observed as shown 
in Fig. 2-2. The growth mechanism was, therefore, considered to be an important factor 
for the formation of an orientation relationship in the p-FeSi2 /S i( lll)  heterostructure.
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Fig. 2-2 Indexed diffraction pattern of S i[lll]  (triangles) and P-FeSi2[010j (crossing 
points of the grid) for the orientation relationship type I (a) and type II (b), respectively. 
(After Gerthsen et al [28])
a225
422
Radermacher et al also investigated the transformation from the a- to' P-phase 
during the second annealing [27]. They found that the transition occurred 
inhomogeneously, starting from the corners of the a  grains and continued with increasing 
armealing time. The existence of nucléation seeds seemed to be important for the
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transformation. In order to obtain a homogeneous transformation of the whole layer, they 
tried two methods to create nucléation seeds. The first was to implant Fe  ^ into the a  layer 
at room temperature to generate seeds prior to the second annealing, and the second was 
to amorphize the a  layer before conducting the subsequent annealing below the phase 
transition temperature.
Structural characterization of the IBS FeSi2  grown on Si(lOO) was performed by 
Panknin et al [29]. The emphases were put on dose dependence of phase compositions and 
changes in implanted crystal structures after heat treatments. Analyses for the samples 
implanted at 300keV and 350°C indicated that only isolated p-FeSij islands were formed 
for the dose of 2x10'^ FeVcm^. A higher dose (^4x10*^ FeVcm^) implantation could result 
in a continuous p layer, with the thiclcness increasing as the dose increased, A p layer of 
good quality was obtained after annealing at a temperature above 600°C. FeSi phase was 
also observed in both substoichiometric and overstoichiometric as-implanted layers, it 
transformed, however, to FeSi2  during the subsequent annealing. The transformation from 
the p- to a-phase was found to be connected with a decrease of the average Fe 
concentration because o f -13% Fe vacancies in a-FeSi2 , thus leading to an increase of the 
a  layer thickness. The process of transforming a- to P-FeSi2  was much longer than that 
from the p- to a-phase, which was interpreted as due to a high activation energy for the 
nucléation of the p-phase and a long diffusion path of the Fe atoms to fill the vacancies 
in the a-FeSig structure.
Hunt et al studied a deep FeSi2  layer implanted at an energy of 2MeV and a dose 
of 1x10'* FeVcm^ in the Si(lOO) substrate [30]. A discontinuous layer containing the p 
precipitates interwoven by the silicon with a high density of defects was observed in the 
as-implanted sample. After annealing at 900°C for 30min, the layer was transformed to 
the a-phase and the small p precipitates still remained on two sides of the layer. The 
buried p layers on the Si(lOO) substrates implanted at 200keV and a dose of 3x10'^ 
FeVcm^, followed by annealing at 350, 500 and 600°C were studied by Tavares et al [31]. 
Moiré fringes were found in both the top silicon thin film and the area below the as- 
implanted layer, this was attributed to the existence of the p precipitates embedded in the 
silicon matrix. The planai- p grain size increased from 120-150nm to 200-400nm after 
annealing at 850°C for 15h. Different orientation relationships were also observed and are
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listed in Table 2-1 which also includes other reported p-FeSig/Si orientation relationships 
in the literature.
Table 2-1 Reported orientation relationships between P-FeSij and the Si substrate 
fabricated by different growth techniques.
Growth Methods Si(hkl) [uvw]p//[UVW]si (hkl)p//(HKL)si References
MBE, RDE, SPE (001) [010]//<110> (100)//(001) [21-23]
[010]//<100> (100)//(001)
IBS
(T=850°C)
(001) [010]//[011] -(204)//(200)
- (2 0 2 ) / / ( l l î )
[31]
[111]//[011] ( fÔ82)//(200) 
(202)//(11T)
[011]//[011] (533)7/(200)
(422)7/(022)
MBE, SPE (111) [100]//[112] (001)7/(111) [23-25]
[010]//[110] (101)7/(111)
IBS (T,: 900°C) (111) [111]//[110] (110)7/(111) [26]
[010]//[110] (110)7/(111)
IBS
(1150°C & 800°C)
(111) [001]//[110] (001)7/(111) [28]
[100]//[110] (001)7/(111)
It should be pointed out that in Table 2-1 the equivalent orientation relationship 
of (hkl)p//(HKL)si can be (hlk)p//(HKL)si due to the similarity of the lattice parameters of 
b and c for a p-FeSi; unit cell.
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More recently the formation of a-FeSij at low temperatures (<500°C) and y-FeSi2  
at room temperature has gained considerable interest, because they are metastable in the 
frame of the bulk equilibrium phase diagram. Onda et al first reported the observation of 
cubic FeSij on Si(l 11) grown by SPE and MBE [32]. This metallic phase, designated as 
y-FeSi2 , was characterized by a Cap2 crystal structure and its metastable feature was 
shown by the behavior of size dependent phase transformation from the y- to p-phase. 
Chevrier et al also reported different Fe-Si phases including y-FeSig in the thin layers (a 
few tens of Â) grovm on S i(lll)  by SPE and RDE [33]. An ultra thin film of y-FeSl2 
positioned between the MBE P-FeSij layer (~10±2nm) and the S i( ll l)  substrate was 
observed by Kanel et al [23] and Gerthsen et al [24]. Desimoni et al found simultaneous 
epitaxial growth of a- and y-FeSi2  on Si(lOO) using low fluence (0.35, 0.6 and 1.5x10'^ 
FeVcm^) and room temperature implantation at energies of 50, 100 and ISOkeV, followed 
by an Ion Beam-Induced Epitaxial Crystallization (IBIEC) process [13]. The phase 
distribution was associated with the Fe concentration in the way that the a  precipitates 
located around the higher concentration whereas the y precipitates existed at the lower 
concentration.
As the geometric misfit between the p-phase and the silicon substrate is relatively 
large, different epitaxial structure with a small lattice mismatch with the substrate, such 
as the cubic y-phase or the tetragonal a-phase, could be formed first and then transformed 
to the equilibrium p-phase. It has been noticed that these metastable phases existed only 
in the form of a thin layer or small precipitates and relaxed towards the p-phase with 
increasing of either the growth or the armealing temperature, as well as the film thickness 
or the precipitate size. Two kinetic paths for the formation of p-FeSi2 through phase 
transformation were proposed based on the above experimental observations [35]:
(1) CsCl-type FeSi y-FeSl2 -> p-FeSij
(2) y-FeSi; ^  a-FeSig -> P-FeSis
The schematic crystal unit cell for CsCl-type FeSi, y-FeSi2 , a-FeSi2 and p-FeSi2  are 
illustrated in Fig. 2-3, where black and grey circles represent Fe and Si atoms, 
respectively. The common point of these two paths was the phase transformation 
undergoing crystalline distortion from a higher to lower symmetry, whereas the difference 
between them resided in the nature of the phase transition [35-37]. Experimental results
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indicated a significant influence of the initial stoichiometry on the phase transformation. 
It has been reported by Sirringhaus et al that the phase transition occurred earlier in the 
Fe-rich regions than that in the stoichiometric or Si-rich areas [38].
(a )
» 9
1
(b)
« 5
(C)
X
(d)
Fig. 2-3 The schematic crystal unit cell for CsCl-type FeSi (a), y-FeSij (b), a-FeSij (c) 
and p-FeSi2 (d), where black and grey circles represent Fe and Si atoms, respectively.
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2.2.2 Optical properties
Optical investigation of a- and p-FeSig produced by a normal freezing technique 
to reduce the porosity was first carried out by Birkholz et al [15, 16]. By substitution of 
Co for Fe and Al for Si, n- and p-type p-FeSi^ were fabricated. The reflectivity of a-FeSi2  
and both undoped and doped p-FeSij were measured at wavelengths between 1 and 25pm, 
using a conventional normal-incident reflection technique. As shown in Fig. 2-4, the 
reflectance of a-FeSi2  increased with wavelength from 1 to 50pm, which was expected 
due to the metallic conductivity and the absorption of free carries at longer wavelengths. 
The reflectance of the undoped p-FeSij exhibited a maximum at 1.3 pm, that was 
attributed to the fundamental absorption of the material. The variation of the reflectance 
at 20-40pm was related to the optical lattice vibrations. The difference in the reflectance 
between the p- and n-type p-FeSi2  was explained in terms of different physical models 
[15, 16].
Bost et al studied the optical properties of polycrystalline p-FeSi2  using normal- 
incident transmission and reflection measurements [17, 39]. The absorption coefficient Og 
was plotted against photon energy E as shown in Fig. 2-5a. The absorption around 0.5eV 
was attributed to the extrinsic transitions involving defect states within the forbidden 
energy gap, while the second rise of the absorption at ~0.8eV was due to the onset of the 
fundamental interband transitions. The plot of (a 2 E)  ^ vs E revealed the existence of a 
minimum direct band gap and the intercept of the linear portion was taken to be the gap 
energy of 0.87eV at room temperature. Figure 2-5b demonstrates both the refractive index 
and extinction coefficient of p-FeSi2 vs photon energy, exhibiting the gradual change of 
the refractive index with the energy between 0.4 and l.OeV. Photothermal Deflection 
Spectroscopy (PDS) studies performed by Dimitriadis et al for the samples prepared by 
furnace annealing of electron-beam deposited p-FeSij also indicated a direct band gap 
energy of 0.85eV at room temperature [40], which was later confirmed by Lefki et al after 
measuring their epitaxial p layer on S i( lll)  by the transmission measurement [41]. A 
pronounced suhgap absorption was suggested to result from the defect states near the 
center of the forbidden gap.
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Fig. 2-4 The reflectivity of a- and undoped p-FeSij at wavelengths between 1 and 50jam. 
(After Birldiolz et al [16])
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Fig. 2-5 The absorption coefficient vs photon energy (a), and both the refraction index 
and extinction coefficient against the energy (b). (After Bost and Mahan [17, 39])
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Photoluminescence (PL) measurements for p-FeSiz were conducted by Dimitriadis 
et al at liquid helium temperature [40]. The PL spectra between 1 and 1.8p,m exhibited 
weak luminescence around 0.84eV that was suggested to stem from the p-phase, since the 
substrate only gave the luminescence corresponding to the silicon band gap and the broad 
background luminescence in the whole wavelength range. A strong PL signal at 0.94eV, 
observed by Regolini et al [42], was attributed to the direct band-to-band transitions, 
though the energy was higher than that normally expected for this material. This energy 
shift was interpreted as due to the stress between the p layer and the silicon substrate. 
Hunt et al also reported the PL studies for the IBS p-FeSig layers on Si(lOO) [43, 44]. A 
PL peak at 1.54/xm (0.8leV) first appeared after the sample was annealed at 800°C, it 
increased in intensity and decreased in Full Width at Half Maximum (FWHM) with 
increasing annealing temperature from 600 up to 920°C. Likewise the intensity was 
increased and FWHM decreased with increasing annealing time from 1 up to 18h, when 
the annealing temperature of 920°C was kept the same. The minimum FWHM of 3meV 
was obtained after annealing at 900°C for 18 hours.
However, the PL pealc at ~0.80eV from the IBS p layer with a dose of 2.8x10'^ 
FeVcm^ on S i(lll)  and undergoing a two-step annealing process (1150°C/10s + 
750°C/20h) was suggested to originate from the defects in the silicon substrate by 
Radermacher et al [45], because the PL signal became weaker and broader after 
performing the third annealing at 800°C for 17h, during which the crystal quality was 
actually improved as evidenced by the RBS result. In addition, the energetic positions of 
the PL signals were found to be in good agreement with those from the distorted silicon 
only, as illustrated in Fig. 2-6. A detailed PL study on the IBS p-FeSij layer with a dose 
of 5x10’^  Fe^/cm^ on the Si(lOO) substrate was performed by Leong et al recently [46]. 
In order to clarify the origin of the PL signals, a 3mm-thick silicon filter was introduced 
into the measurement system to eliminate the emission above the silicon band edge and 
allow the IBS p-FeSij being excited alone. To eliminate the defect-related emission below 
the silicon band edge, the same experiments were also repeated for the samples in which 
dislocations were deliberately induced. The results showed that the photoluminescence 
observed at 1.5 jam could be firmly attributed to the band-edge related emission from the 
P-FeSij grains.
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Fig. 2-6 Photoluminescence spectra at 2K from the IBS samples fabricated without 
(sample A) and with (sample B) optimized parameters. (After Radermacher et al [45])
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Fig. 2-7 Band structure of p-FeSig for the energies close to the band edge. The FX line 
is along <100> and PR along <111>. (After Christensen [47])
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The band structure of p-FeSij was investigated by Christensen using a local-density
approximation method [47]. The calculations were conducted for a hypothetical fluorite
structure, Cap2 , which could be viewed as a fee  Bravais lattice with four basis atoms at
positions of (0,0,0), and It was suggested that the energy
gap formation of the stable P-phase was related to a structure distortion, undergone
moving from the cubic FeSij to orthorhombic p-FeSij. The nature of the band gap was
indirect, though the difference between the calculated direct (at F) and the indirect (along
FR) gaps was only about 30meV (Fig. 2-7). The hole and electron effective masses of the 
band-edge states were evaluated to be ^O.Smg. A particularly strong interaction between
the band-edge states and the lattice was suggested, that could result in very low mobilities
in p-FeSi2 . The origin and the nature of the band gap were also studied by Miglio et al
using semiempirical tight-binding calculations [48]. Their results confirmed that a crystal
distortion of the cubic FeS^, could lead to the formation of the semiconducting P-FeSij.
The nature of the gap was sensitive to the crystal structure, a slight decrease in the first-
neighbor distance of Fe-Si pairs could change the energy gap from indirect to direct.
Although the structural shrinking at very low temperatures was not sufficient to reverse
the gap nature, the induced lattice distortion by a careful tailoring of the material could
open up opportunities for band-gap engineering to required properties.
The theoretical calculations which suggested the existence of a minimum indirect 
band gap in p-FeSi2 were supported by some experimental work. An optical absorption 
study on the SPE p~FeSi2  on S i(ll 1) was conducted at measurement temperatures between 
10 and 300K by Giannini et al [49]. The results showed an indirect gap only a few tens 
of meV below a direct one, for example
Eg'"" + Eph « 0.84eV, Eg" « 0.89eV at lOK
Eg'"" + Eph 0.83eV, Eg" « 0.90eV at 80K
where Eg"" and Eg" are the indirect and direct gap energy, Ep^  the characteristic energy of 
a phonon. Investigation on temperature dependence of the direct gap energy suggested an 
unusually strong electron-phonon interaction in p-FeSij, using a three-parameter 
thermodynamic model [67]. The mobility of ~13 cm^V''s'‘ at room temperature was 
deduced from the experimental data. A shoulder on the absorption spectrum at the 
temperatures above 80K was attributed to the extrinsic transitions involving defect states
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within the forbidden gap.
Radermacher et al and Kanel et al also reported a minimum indirect band gap with 
an energy of ~0.77eV at room temperature in the IBS and MBE p-FeSij on S i(lll)  [45, 
23]. The defect-induced absorption in the p layer grown on the Si(l 11) substrate by pulsed 
laser deposition was studied by 01k et al [50]. It has been noticed that a high gap energy 
could be obtained only in the sample with a low density of defects (<10^  ^ cm‘^ ). The 
average grain size was estimated by TEM studies and the surface-to-volume ratio was 
calculated assuming cylindrical geometry for the grains. The density of the defects 
increased with increasing the surface-to-volume ratio, indicating that the majority of 
localized states originated from the defects at the grain boundaries. It was also suggested 
that a high level of defects in p-FeSij gave rise to the band tails with an apparent energy 
width which could alter the optical absorption and hence precluded the assignment of the 
indirect nature. The optical and photoelectrical properties of the polycrystalline p-FeSij 
grown by SPE and RD-SPE (Reactive Deposition-Solid Phase Epitaxial) were investigated 
by Shen et al recently [68]. The photocurrent spectra involving both the fundamental 
interband and the extrinsic defect transition of P-FeSij as well as the intrinsic transition 
of the Si substrates were observed. The direct band gap nature was revealed by both the 
absorption and photocurrent measurements.
2.2.3 Electrical properties
Measurements of the electrical conductivity, thermoelectric power and Hall 
coefficient for FeSij were carried out by Birkholz et al at temperatures ranging from 100 
to 1200K [14-16]. A low electron mobility with a typical value of 0.26 cm^A/'s was 
observed in the n-type P-FeSij at room temperature. The electrical conductivity of both 
a- and p-FeSij illustrated a significant increase of the conductivity at the transition 
temperature and the intrinsic conduction of the semiconducting FeS^ below it, as shown 
in Fig. 2-8. The conductivity of p-FeSij exhibited an exponential temperature dependence 
with an activation energy of ~0.06eV, whereas the high temperature a-phase showed 
metallic conduction that was almost temperature independent.
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Fig. 2-8 Variation of the conductivity of a -  and P-FeSiz with temperature (After Birkholz 
et ai [14-16]).
Host and Mahan conducted Hall measurements at room temperature and the results 
showed the hole concentration of -2x10^ cm'  ^ and mobilities of ~3 cm W s in the p-type
p layer [17]. Temperature dependence of the electrical conductivity demonstrated a 
thermally activated behavior with energies of -0.43eV above 500K and ~0.13eV at room 
temperature. Dimitriadis et al measured the conductivity and the Hall coefficient with the 
Van Der Pauw technique [40]. They found that the majority carriers in the p layer were 
holes which contributed to the conductivity of the material. The hole concentration 
increased with temperature, demonstrating a thermally activated nature at higher 
temperatures. The Hall mobility as a function of temperature followed the relation of 
between 80 and 300K (Fig. 2-9a), indicating the importance of phonon scattering. 
At low temperatures the Hall mobility deviated from the above relation, suggesting the 
predomination of a different scattering mechanism.
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Fig. 2 -9  Temperature dependence of the Hall mobilities for (3-FeSi2: (a) p„ oc 
indicating a phonon scattering mechanism (after Dimitriadis et al [40]), (b) from the 
samples grown on Si(lOO) (curve a) and S i( lll)  (curve b), showing different scattering 
effects (after Kanel et al [23]) , and (c) from the samples fabricated by the IBS technique 
(after Radermacher et al [45]).
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Table 2-2 Reported hole concentrations and mobilities at room temperature.
%(10'^ cm'^) Ph (cmWs) Sample characterization References
7 - Epitaxial layers on S i(lll) [41]
7.8 2.3 Polycrystalline layers on sapphire [55]
10 1 Polycrystalline layers on sapphire [40]
2 3 Polycrystalline layers on oxidized Si [39]
10 ~ 10 CVD epitaxial layers on S i( lll) [42]
2 1.6 ~ 4 Sintered polycrystalline bulk 
material
[56]
2.7 7.5 Sintered polycrystalline bulk 
material
[15]
- -  20 Epitaxial layers, fabricated with a 
low deposition rate onto hot Si(lOO)
[57]
1-10 10 ~ 100 Amorphous, stoichiometric Fe+2Si 
deposition and rapid thermal 
annealing
[58]
- 120 IBS epitaxial layers in Si(lOO) [59]
9 104 IBS epitaxial layers in S i( ll l) [45]
16 90 IBS epitaxial layers in S i(lll) , 
doped with ~1% Mn
<: &1 150 MBE on Si(OOl) [23]
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Hall measurements for the MBE p-FeSi2 on Si(lOO) were performed by Kanel et 
ai. They found a p-type p layer with the concentration below 10'^ cm"^  and the mobilities 
as high as 600 cmVVs at lOOK [23]. Temperature dependence of the hole mobilities 
obeyed T '^ -^law below ~200K (Fig. 2-9b), which, in the case of nondegenerate material, 
could be attributed to the defect scattering. A steep drop of the mobilities occurred at 
~200K and a value of ~150 cmVVs was obtained at room temperature. However, the p 
layers fabricated on S i(lll)  using the same groAvth method presented much lower hole 
mobilities over the entire temperature range. Also, the temperature dependence of the 
mobilities followed a T'-law.
The electrical properties of the IBS p-FeSi^ on S i( ll l)  were studied by 
Radermacher et al [45]. The conductivity was found to be almost temperature independent 
above ~180K, then it reduced rapidly at temperatures below ~130K. Hall-effect 
measurements showed the hole mobilities of ~ 104 cmW s and a concentration of -9x10^ 
cm'  ^at room temperature (Fig. 2-9c). With the reduction of temperature the mobility was 
increased in proportional to characteristic of a phonon scattering mechanism. The 
Hall mobility reached a maximum of -800 cmW s at about 90K and decreased sharply 
at the lower temperatures due to impurity scattering. Typical values of the hole 
concentrations and the mobilities are given in Table 2-2. An obvious discrepancy in the 
hole mobilities can be seen for the samples fabricated by different techniques.
The epitaxial p-FeSij/Si junctions were investigated by Lefki et al using current 
and capacitance measurements as well as admittance spectroscopy [41]. The current- 
voltage characteristics of mesa structures Cr/Fe/FeSi2/Si(n- or p-type) exhibited a p-type 
P layer. Capacitance-voltage and capacitance-temperature measurements at different 
frequencies showed a large response from interface states or deep level states within the
energy gap. The admittance spectroscopy yielded an activation energy of 0.33eV which 
could be correlated with a level of the hole traps. Study on the epitaxial p-FeSig/n-Si 
diodes formed by selective chemical vapor deposition demonstrated a rectifying behavior 
of the heterojunction with a diode ideality factor of 3 [51]. Dimitriadis measured P- 
FeSi2/n-Si diodes produced by solid state reaction at 850°C in a H2 atmosphere and foimd 
that the current was dominated by multistep tunneling via defect levels [52], Electrical 
measurements carried out by Reeson et al [53] also showed a near ideal p^-n
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heterojunction made of the IBS p-FeSig layer on the n-Si(lOO) substrate. The barrier 
height was determined to be 0.64±0.01eV, and the ideality factor of 1.05 was obtained at 
temperatures above 15 OK, which indicated thermionic emission as a main conduction 
mechanism in the p-n junction. The ideality factor was increased as temperature reduced, 
revealing the influence of other effect on current transport across the barrier at lower 
temperatures. In addition, the IBS a-FeSi2 layer on the n-Si(lOO) substrate could also form 
a Schottky jimction with a barrier height of 0.59±0.01eV and an ideality factor of 1.06 at 
room temperature.
The electrical properties of the p-FeSi2 /S i( lll)  heterojunction were characterized 
by Brlesand et al recently [54]. The transport mechanism in the p-FeSÎ2 /n-Si structure was 
suggested to be either thermionic emission or recombination of electrons at the p/Si 
interface, depending on both the epitaxial growth temperature and the measurement 
temperature. There was no indication of minority carrier injection across the 
heterojunction. Temperature activated current-voltage and capacitance-voltage analyses 
showed an effective electron barrier of 0.66±0.03eV at OK. Current transport across the 
P-FeSi^/p-Si junction appeared to be limited by thermionic emission of the holes from the 
substrate to the layer. The ideality factor and the effective hole barrier were evaluated to 
be -1.04 and 0.43+0.03eV, respectively. Both of them were independent of temperature. 
Minimal influence of deep level recombination paths inside the silicon depletion region 
was suggested.
2.3 Optical Absorption Measurements
The optical absorption process in semiconductors is of great importance in studying 
energy band structures. As the absorption process generally involves the transition of an 
electron from a lower to higher energy state after absorbing a photon, the absorption 
measurement is therefore used to probe the energy band structure of the material. For 
example, by plotting the spectral absorption coefficient against photon energy near the 
fundamental absorption edge, direct or indirect transitions can be distinguished and hence 
the band gap energy is determined.
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The absorption coefficient is mainly obtained by three experimental approaches
[60]: an optical transmission measurement, a normal-incident reflection measurement and 
an ellipsometric measurement.
(1) Optical transmission measurement:
In this method the transmittance of the material is measured by a sample-in and 
sample-out procedure. However, the transmittance of a thin film grown on a substrate 
cannot be obtained straightforwardly due to the influence of the substrate. In order to 
minimize errors resulting from defocusing of light by the substrate and obtain the required 
transmittance of the film, the transmittance of the sample which is composed of both the 
film and the substrate should be measured relative to that of an uncoated substrate of the 
same thiclmess and the material [61]. For the purpose of a quantitative evaluation, the 
reflectance at the interface between two media has to be knovm [62]. The published data 
of refractive indexes are commonly used in determining the surface reflectance. 
Alternatively, the reflectance R can also be deduced from the value of I/Iq in the photon 
energy region well below the fundamental absorption edge, here Iq and are the incident 
radiation and the radiation transmitted from the film, respectively. If the value so obtained 
is approximately equal to that deduced from the bulk refractive indexes, this means an 
insignificantly small residual absorption in the material, thus the ratio of l^-to-lg represents 
the required reflectance [63]. Since the reflectance varies slowly with photon energy hv, 
the variation of the transmission near the fundamental edge is principally due to the 
variation of the absorption coefficient. Therefore, a small change of the reflectance can 
be neglected, especially in determining the absorption coefficient around the fundamental 
edge [64]. The limitation of this technique is that it can be performed well only for the 
materials with the absorption in moderate intensity [69]. Generally speaking, reflection 
measurements are more suitable for highly absorbing materials in which the optical 
properties resemble those of metals.
(2) Normal-incident reflection measurement:
Compared to transmission measurement, this method is more versatile because it 
can be used for both opaque and transpai'ent materials throughout the spectrum. The
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advantages of conducting a reflection measurement at nearly normal incidence are: (a) data 
analysis is relatively easy, (b) reflectance in most cases is insensitive to any polarization 
introduced by a monochromator, and (c) reflectance is insensitive to the incident angle 
within a range of approximately 10° of normal-incident light [61]. On the other hand, this 
technique has not developed the popularity due to some reasons, such as the requirements 
for the sample preparation are more stringent than they are for the transmission 
measurement. In particular, when measuring the materials with a high intensity of the 
absorption, the penetration depth of light into the material is fairly small, the suiface 
properties, such as surface oxide film and surface roughness, can therefore affect the 
accuracy of the absorption coefficient determination [60].
(3) Ellipsometric measurement:
A feature distinguishing this technique from optical transmission and reflection 
measurements is that the directly measured quantities are angles, phase differences and 
amplitude ratios rather than the intensities of transmitted or reflected light. From this 
viewpoint ellipsometry is a powerful tool to obtain the optical constants of measured 
material. Detailed analyses allow the extraction of both refractive index and extinction 
coefficient, and hence the absorption coefficient can be determined [65]. However, the 
measurement accuracy for the surface films is very much dependent on the proper 
corrections, since ellipsometric paiameters, especially the phase difference, are sensitive 
to the surface properties [60].
Apait from the above-mentioned techniques. Photothermal Deflection Spectroscopy 
(PDS) is also a highly sensitive method which enables detection of very weak absorption 
involving the transitions of defect states in a material [66], It has been employed to obtain 
the products of an absorption coefficient and a film thickness as low as 10'' -^10’^  [40]. 
Basically, this technique measures a small increase in temperature that is caused by 
absorbing photons. Temperature variation of the material is in proportional to the absorbed 
optical intensity, the absorption coefficient can thus be obtained by a detailed analysis 
based on the physical model [70].
The optical properties of P-FeSi2  have been investigated by either the conventional
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transmission and normal-incident reflection measurements or the recently developed 
photothermal deflection spectroscopy technique. As reviewed in section 2.2.2, both the 
refractive index and the extinction coefficient of p-FeSi2  were determined from the 
spectral transmittance and reflectance [39]. Temperature dependence of the absorption 
coefficient was studied using transmission measurements [49]. The PDS technique was 
also used for the optical characterization by several authors [23, 45].
2.3 Summary
1. P-FeSij is a semiconductor material and can be fabricated by a variety of 
techniques. The structural, optical and electrical properties of p-FeSig vary considerably 
with growth methods and conditions.
2. In general, P-FeSi2 appears to be a polycrystalline material. The orientation 
relationship between the p grain and the silicon substrate is not simple and exact.
3. Although a minimum indirect band gap in p-FeSii was predicted by the 
theoretical calculations and supported by some experimental results, the existence of a 
minimum direct band gap was also suggested based on other experimental work. The 
nature of the energy band gap is still an open question.
4. The electrical studies showed that most nominally undoped P-FeSij layers are 
p-type, and the hole mobilities vary between 1 and 150 cm W s in the samples grown by 
different methods. Temperature dependence of the electrical conductivity exhibits different 
scattering mechanisms.
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CHAPTER 3
THEORY
3.1 Introduction
As the aims of this work are to study the optical and structural properties of the 
Ion Beam Synthesized (IBS) FeSi2  layers on the Si structures, the fundamental theories 
that provide the basis for the characterization and discussion in the following chapters will 
be summarized in this chapter.
For the optical characterization of p-FeSi2 , the emphasis will be put on the
fundamental absorption and the absorption below the fundamental edge, which can lead
to the determination of the energy band gap nature. Therefore, the physical models
associated with both direct and indirect interband transitions in the parabolic band
structure will be reviewed first and followed by presenting the model which is used to
describe the absorption below the fundamental edges in many crystalline and amorphous
semiconductors. Since the samples used in this study are generally in the form of a thin
P layer buried in the silicon substrate, the thin film optics involving reflection and 
transmission in both single and multiple layered structure will be included. Because
transmission electron microscopy has been used as a main technique for the structural
characterization of the IBS FeSi2 , the basic theories and methods related to the phase
identification and orientation relationship determination with this technique will also be
outlined in this chapter.
3.2 Absorption Processes in Semiconductors
3.2.1 Fundamental absorption in direct and indirect band structure
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Fundamental absorption refers to band-to-band or interband transitions. This 
process arises from an optical excitation of the valence-band electrons across a forbidden 
gap into the conduction band. The absorption coefficient, therefore, characterizes the 
medium through which the optical wave is travelling, and the forbidden gap energy Eg can 
be deterrriined from a plot of the absorption coefficient against photon energy, based on 
a suitable physical model.
The absorption coefficient a  for a given photon energy hv is proportional to the 
probability Pjf for the transition from an initial state to a final state, and to the density of 
electrons in the initial state, nj, and the density of the available (empty) final states, % By 
summing up all possible transitions between the states separated by an energy difference 
of hv, a  can be written as [1]
o; = A E ( 3 - 1 )
hi/
(b)
Fig. 3-1 Absorption transitions in a direct band structure (a) and an indirect band 
structure (b). Eg+Ep and Eg-Ep represent the indirect transitions involving phonon emission 
and absorption, respectively.
For the absorbtion transitions between two direct valleys, as shown in Fig. 3-la, 
the transition probability Pjf is independent to the photon energy, the initial state at the
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energy level of Ej and the final state at the level of Ef in the parabolic energy bands are 
expressed as [1]
where m / and are the effective masses of electrons and holes, and Eg the direct gap 
energy between the two valleys. The absorption coefficient is thus given by [1]
a  = A*{hv-Eg)^^^  ( 3 - 3 )
where
A- = . ) (. ( 3 - 4 )nctPm^ +m^
A  linearly extrapolated gap energy can be obtained by plotting the square of the 
absorption coefficient against photon energy.
When the absorption transitions take place between two indirect valleys, as 
illustrated in Fig. 3-lb, the electron-phonon interaction must be included because changes 
in both energy and momentum are required in this process, which cannot be realized only 
by the participation of photons. Momentum is conserved via a phonon with an energy of 
Ep being either emitted or absorbed, as described by the following equations [1]
hv^ ~ + Ep ( 3 - 5 )
a ~ ~ ~ ( 3 - 6 )
The probability Pjf for the transitions with the assistance of a phonon is a function of the 
number of phonons Np that is given by Bose-Einstein statistics [1]:
N„ =
The absorption coefficient is therefore written as [1]
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a { h v )  = a ^ ( h p )  + a ^ { h v )  f o r  h v  > ( 3 - 8 )
where 
a ,  ( h v ) A ( h v  ~ E^ +  Bp) 2 
e x p ^ - l
f o r  h v  > E^ -  Bp ( 3 - 9 )
f o r  h v  > E^ + Bp ( 3 - 1 0 )
As shown in Fig. 3-2, Eg+Ep and Eg-Ep can be determined by linearly extrapolating the 
square root of the absorption coefficient vs photon energy. The indirect gap energy is thus 
evaluated by averaging the values of Eg+Ep and Eg-Ep.
Tp>Ti
Fig. 3-2 The square root of the absorption coefficient vs photon energy at two different 
temperatures. E +E and E -E are obtained by linear extrapolation to =0.
3.2.2 Temperature dependence of fundamental absorption edge
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There are two contributions to the variation of the band gap energy Eg with 
temperature: the electron-phonon interaction and thermal dilatation of the lattice. The 
temperature coefficient of Eg at a constant pressure is [2]
( 3 - 1 1 )
where p is the coefficient of volume expansion and % the volume compressibility. The 
first term arises from the electron-phonon interaction, and the second results from the 
thermal expansion of the lattice which can be neglected for many semiconductors due to 
its limited contribution [2]. The electron-phonon coupling is therefore dominant and can 
be described by the Varshni relation [2]
&  = ( 3 - 1 2 )
where Eg(0) is the gap energy at OK. a, an empirical constant, and 0, approximately the 
OK Debye temperature, are the fitting parameters characteristic of a given material. The 
assignment of an accurate value to 0 is dependent on using reliable energy gap data at 
both low and high temperatures, whereas a can be derived accurately from the results at 
high temperatures alone [2]. Apart from the above semiempirical formula, the temperature 
dependence of Eg can also be described by different models, such as the Einstein model 
and the thermodynamic model.
The Einstein model [3]:
where Or is the Einstein temperature and K a temperature-independent constant.
The thermodynamic model [4]:
= E , ( 0 )  -  S  <fto)> [ c o t h - i ^  -  1 ] ( 3 - 1 4 )
where S is a dimensionless coupling constant and <h(o> an average phonon energy.
We note that these two models are mathematically identical.
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3.3.3 Exponential absorption edge
An exponential absorption edge or so-called an Urbach edge is a characteristic 
feature for many amorphous and crystalline semiconductors. The absorption coefficient 
a  below the fundamental edge in these materials takes the form as [5]
o; = of^exp ( 3 - 1 5 )
where Eg is comparable to the band gap energy, Eg is given by an inverse logarithmic 
slope of the absorption coefficient in the Urbach regime:
Eg = ( 3 - 1 6 )d i h v )
Both Eg and Eg are temperature dependent parameters.
The exponential Urbach tail results from static structural and dynamic phonon 
disorders [6]. For crystalline semiconductors of good quality. Eg is a direct measure of 
thermally induced disorder, reflecting the occupancy of phonon states in the material. For 
amorphous or highly doped crystalline materials. Eg becomes larger due to the 
contributions from both the structural and thermal disorders. A detailed study has 
suggested that the Urbach tail originates from the exponential one-electron density of 
states (DOS), when an electron interacts with a static Gaussian-correlated random potential
[5]. On the other hand, the interaction between the electron and phonon can also result in 
a significant increase of the exponential DOS, leading to an Urbach tail even in the 
absence of a static structural disorder. At finite temperatures, the overall exponential tail 
is a consequence of multiple LA-phonon emission and absorption that accompany electron 
transitions, while the fine structure of the tail in some materials is attributed to multiple 
TO-, LO- and TA-phonon absorption and emission [5], here LA-, LO-, TA- and TO- 
phonon denote longitudinal-acoustic, longitudinal-optical, transverse-acoustic and 
transverse-optical phonon, respectively.
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3.3 Thin Film Optics
3.3.1 Reflection and transmission at an interface between two media
Assuming that an optical plane wave travels in one dielectric medium and is 
incident upon the surface of the second medium, as shown in Fig. 3-3, where n^and n^  
are the refractive indices of two media. The surface is positioned at z=0 and the incident 
wave on xz plane. The electric field Eq of the wave can be resolved into two components: 
Eg normal to and Ep parallel to the plane of incidence (xz plane). Thus Eg lies in the y 
direction and Ep is normal to Eg.
op
op
OS
OS
IS
Fig. 3-3 Transmission and reflection of light on the surface (z=0) of a medium. The plane 
of incidence is xz plane, the angles of incidence and refraction are and (j),, respectively.
If the optical wave falls on the interface between two transparent media, Snell’s 
and Fresnel’s laws hold.
Snell’s laws [7]: (|)o=(l)o' (reflection) and n^  sin<|)o = n, sin(|), (refraction),
Fresnel’s laws [7]:
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_ E„p _ n„cos<t>^  -  n,cos<^,X, -  —— -       W - JL / /Bop + n^cos^o
t  = ^  = 2n„cos<t,,
Bo*p n„cos0 i + n^cosÿ .
Eos _ HqCosc^o -  n^cos<p^jEt = x ”! (3*“19)B„*, n„cos0„ + Hjcos^i
t  = ^  = 2^,008'^.Ej. n„COS0„ + U^COS01
where r^ p and r^ g are the Fresnel reflection coefficients, tjp and tjg denote the Fresnel 
transmission coefficients. Reflectance which is defined as the ratios of reflected to incident 
energies is [7]
Hp = rjp = 4 ^ '  E . = rL  = - i ^  (3 -2 1 )'■‘Opi
Similai'ly, transmittance that is defined as the ratios of transmitted to incident energies is 
given by [7]
In the case of normal incidence, the Fresnel coefficients reduce to
n. -n ,r  = rip = ri^ = ( 3 - 2 3 )no+Hi
'Ip Is ■ ‘•0 ' *•‘1n„+n.
therefore, the reflectance and transmittance become
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The relationship between the reflectance and transmittance at the interface is 
E + T = 1 w h e r e  R=Rp=R^ t =T^=T^ ( 3 - 2 7 )
For the reflection and transmission of light at the surface of two absorbing media, 
the refractive indices of both media are complex, hence the Fresnel coefficients in 
equations (3-17)~(3-20) should be replaced by the corresponding complex refractive 
indices. In this case, (|); that is a complex quantity as well does not represent the angle of 
refraction except for the normal incidence, i.e. (|)o=(|)i=0. When a beam propagates through 
a transparent medium and is normal incident upon a surface of an absorbing medium of 
Ni=ni+ik,, here k is the extinction coefficient of the material, the Fresnel reflection 
coefficients become [7]
the reflectance at the surface is thus expressed as
= ( 3 - 2 9 )(no+22i) 2+ki
The relationship of T + R -l still holds due to the requirement of energy being 
conserved at the interface.
3.3.2 Reflection and transmission in a thin film
Suppose light with a wavelength of X is incident at an angle of <|)o on a 
transparent, parallel-sided, homogeneous and isotropic film of a thickness d, as shown in 
Fig. 3-4, where the refractive index of the first medium is Uq, a film of n, is supported on 
a substrate of nj.
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Fig. 3-4 Transmission and reflection of light in a film.
The phase change of light on traversing the film is [7]
coscj>^ ( 3-30)
The reflected and transmitted amplitudes are given by [7]
-216 ,
1+r^r^e -216,
- 16,
- 216 ,
( 3-31)
( 3-32)
where r, and t, are the Fresnel coefficients for light propagation from n^  to n,, while r', 
and t'j are the Fresnel coefficients for the opposite propagation from n, to ng. The 
relationship between r, and r', is r',=-rj. r^  and ts denote the Fresnel coefficients for the 
beam travelling from n, to nj. n^RR* and n^TT* are the energies of the reflected and 
transmitted light, the reflectance and transmittance are therefore written as [7]
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R = + 2r ,r^ cos2a , + r l  (3-33)
1 + Sr^ rjCosaSj^  + r^rl
2
T  =--------  I L J ------------   ( 3 - 3 4 )J2  "1 • — ---------- s  .0^ 1 +  2 r ^ r ^ c o s 2 ô ^  + r ^ r z  
In the case of normal incidence, the Fresnel coefficients reduce to
 ^ t  = (3-35)n„+n^ n„+Hi
^ j. ^ _ lg i_  (3-36)
If the film is absorbing or it is bounded by absorbing media, n ,^ n, and n2  need to 
be replaced by the complex quantities. The Fresnel coefficients of r^ , rg, tj and tj as well 
as the phase change of ôj also become complex. A complete expression for the 
transmission in an absorbing film with the refractive index n, bounded by non-absorbing 
media of the indexes n  ^ is given by [2]
^  e (3-37)
where and Ig are the intensities of transmitted and incident beam, a  and R represent the 
absorption coefficient of the film and the reflectance at the surface, respectively.
3.3.3 Reflection and transmission in a double-layer system
A non-absorbing double-layer system is shown in Fig. 3-5, in which the amplitude 
of the incident electric vector is Eg^  and that of the reflected vector is Eg". Inside the film 
the resultants of all the positive-going waves sum to E /  and those of the negative-going 
waves to E/, where r denotes different layer. In the last medium only a transmitted wave 
with an amplitude E^ "^  exists.
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Fig. 3-5 Transmission and reflection of light in a double-layer structure.
By working out the vector sums of the individually reflected and transmitted wave 
and applying the appropriate boundary conditions at each interface, the reflected and 
transmitted amplitude in each medium are determined in terms of Eq^ , as given in 
equations (3-38) and (3-39) [7]. Consequently, the reflectance and transmittance in the 
whole system can be obtained.
2i6,EÔ _ +r^r2rje'
Eq 1 +r. (3 -38)
e ; ^-i (6j+0,)
where the phase change in the i layer, ôj, is given in equation (3-30) and X3 is [7]
2 TT2 1 3 COS0 3
(3 - 39 )
X (3-40)
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3.4 Transmission Electron Microscopy
3.4.1 Phase identification
Transmission electron microscopy (TEM) can be used to confirm a phase for which 
the crystal structure has been previously characterised by other techniques such as X-Ray 
diffraction. In order to avoid crystallographic ambiguities, for example the coincidence 
ambiguity between two different crystal structures, a number of electron diffraction 
patterns should be obtained with the aid of a sample tilt facility. In practice, the TEM 
sample is systematically tilted around important reciprocal vectors, that allows all the low- 
index zone patterns to be taken. An important crystallographic reciprocal vector is defined 
to have at least one of the following features:
(a) the vector is of low index;
(b) the vector is the normal of a mirror plane in the Selective Area Diffraction (SAD) or 
Convergent Beam Electron Diffraction (CBED) pattern;
(c) when a Kikuchi pattern is observed, a low-index pattern always lies in the direction 
where most Kikuchi bands converge.
The procedures for indexing diffraction patterns are as follows:
(1) Determine general {hkl} indices for diffraction spots without definite values and 
signs. The camera constant method is often used when the camera constant XL is known, 
where L is the camera length and X the electron wavelength, and both of them are 
independent of the sample and instrument. The relationship between X and the acceleration 
voltage V of a microscope is [8]
a d-spacing is then determined based on [8] 
r d  = LX (3-42)
where r is the distance of a diffraction spot from the undiffracted spot. By comparing the 
d-spacing value obtained using equation (3-42) against those corresponding to different
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known structures, the general {hkl} for the measured spot can be obtained.
(2) Assign specific (hkl) indices to the individual spot. Specific values of (hkl) for each 
reflection can be determined by arbitrarily deciding (h2k2 l2 ) and vectorially adding pairs 
of indices, (h,k,l,) and (h^k l^ )^, to give (h2 k2 l2 ). The angles between two vectors (from the 
centre spot to two diffraction spots) are measured and the correct combinations of (h,k;lj, 
(h2k2 l2) and (h^k l^ )^ can be checked using an angular formula for the corresponding crystal 
structure.
(3) Determine the zone axis B=[uvw] using the relations [9]
u = , V = , w = {h^k^-h^k^) ( 3 - 4 3 )
where the reflection (hikjl,) is positioned anticlockwise aiound the centre spot relative to 
the reflection (h2lc2 l2 ).
To confirm a phase by indexing diffraction patterns, the structure factor or space 
group should be talcen into account, because it enables both the position of atoms in the 
reflecting plane and the atomic identity to be included in the description of a diffraction 
process, and leads to either systematic absence of reflections or differences in reflection 
intensity from one (hkl) to another.
3.4.2 Orientation relationship determination
Orientation relationship is an important crystallographic feature for a crystal grown 
on the substrate. There are two ways of expressing an orientation relationship: (i) a pair 
of parallel directions in a pair of parallel planes, i.e. [UVW]//[uvw] and (HKL)//(hkl), and
(ii) the matrices describing the orientation relationship between two phases. Spot patterns 
and Kikuchi lines are two approaches commonly used, depending upon the type of the 
orientation relationship, the accuracy of information required and the limitations imposed 
by the sample.
The procedures for determining an orientation relationship aie as follows:
44
Chapter 3 Theory
(1) By systematic tilting, obtain a diffraction pattern which includes a pair of parallel 
planes chaiacterized by parallel diffraction spots from both phases. To determine a pair 
of parallel directions (i.e. zone axes) accurately, it is important to tilt the sample until at 
least all the spots from one phase are equally intense;
(2) Index the parallel diffraction spots;
(3) Determine the parallel directions;
(4) Plot the superimposed stereogram to show the equivalent orientation relationships.
To plot superimposed stereographic projections for both lattice direction and plane, 
three pairs of parallel directions (equation (3-44)) and planes (equation (3-45)), which are 
perpendicular to one another, need to be used as x, y and z axes:
/ /  , [U^V^W^] / /  , [ U3 V3 IV3 ) / /  ( U 3 V3 IV3 ] ( 3 - 4 4 )
( % I , J  / /  , ( % Z , J  / /  ih^k^l^) , (H 3K3D3 ) / /  ih^k^l^)  ( 3 - 4 5 )
The transformation from a general expression of [UVW]//[uvw] and (HKL)//(hkl) to the 
format given in the above equations, a transfer matrix [M] is employed [10]
(3-46)
h u
k = [ M ] V
I w
where
M  =
a  ^ abcosy accosp 
bacosy b  ^ bccosa 
cacos^ cbcosa
(3-47)
where a, b and c are the translation distances of a unit cell, a , p and y are the angles 
between b&c, c&a and a&b, respectively.
In general, the matrix expression is more suitable for a material in which only a 
loose orientation relationship between two phases exists. The relations between the lattice 
directions or planes of two phases are written as [10]
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[U] = [7V][w] ••• for lattice direction
\H\ = [77 n[^] "• far lattice plane 
where [N] is the matrix given by [10]
[ N ]  =
d.—L o o
A, A|
0 _ i  0 hr, kr,2 2
A:,3 3
0 0 - 1
(3-49)
Any equivalent parallel lattice plane or direction pairs between two phases can be derived 
using equation (3-49).
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CHAPTER 4
EXPERIMENTAL DETAILS
4.1 Introduction
All samples in this study were fabricated by the Ion Beam Synthesis (IBS) 
technique. The optical characterization was carried out by transmission measurements. 
Transmission Electron Microscopy (TEM) was used for the structural characterization. 
In this chapter, the fabrication of the IBS p-FeSij will be described briefly. In the section 
on the optical transmission measurements, the experimental system and procedures will 
be demonstrated, and consideration of the measurement accuracy will also be included. 
In the following section about the TEM investigation, the experimental procedures for the 
a-, p- and y-phase identification and the determination of the orientation relationship 
between the p grains and the silicon matrix will be emphasized.
4.2 Ion Beam Synthesis of /J-FeSij
In this work a chosen Fe^ dose in the range of 1-6x10’^  cm'^ was implanted at an 
energy of 200 keV and a current density of ~10 juA/cm  ^ into an n-type single crystal 
Si(lOO) wafer with a resistivity of 10-20 Qcm. During the implantation, the wafer 
temperature rose to about 350°C, resulting from the power of the incident ion beam. 
Conductive heat losses were minimized by mounting the wafer on silicon tips. After the 
implantation the wafer was cut into a number of small samples for different 
measurements. Selected samples were subsequently annealed in an optical lamp furnace 
with a nitrogen ambient. The annealing temperature was monitored by a thermocouple 
embedded in a silicon support wafer.
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In order to form a continuous p-FeSi2  layer for the optical transmission 
measurements, a typical dose of 4x10’^  FeVcm^ was implanted into a silicon substrate 
which was later used for studying the measurement temperature dependence of the band 
edge parameters [1]. This sample was subsequently annealed at 900°C for 18h after the 
implantation, according to the previous PhotoLuminescence (PL) study [2, 3] which 
showed that the minimum FWHM (Full Width at Half Maximum) of the PL peak at 
I.54pm could be obtained only under these annealing conditions.
Samples used for investigating the annealing temperature dependence of the band 
edge parameters were all implanted at the same dose of 4x10’^  FeVcm^. The subsequent 
anneals were performed at temperatures between 500 and 900°C for 18h. The as-implanted 
sample without post heat treatment was also studied for comparison. To investigate the 
dose dependence of the structural and optical properties, the Fe^ doses were chosen to be 
l~6xl0^’ cm*^ , the subsequent annealing conditions of 900°C and 18h were kept the same 
for all the samples.
4.3 Optical Transmission Measurements
4.3.1 Sample preparation
The sample for the optical transmission measurements was prepared by grinding 
the rough back side of the silicon substrate using silicon carbide (SiC) papers from 800  ^
up to 4000^ with water lubricating, followed by polishing with diamond pastes down to 
\pm. To ensure an optically flat surface after the process, the sample surface was checked 
with an optical microscope.
As IBS forms a thin p-FeSi2 film buried in the Si substrate when a typical Fe  ^dose 
of 4x10*’ cm*^  is chosen, by comparing the measured incident radiation and the radiation 
transmitted from the sample, the transmittance from both the p layer and the silicon 
substrate will be obtained instead of just the required transmittance of the layer. In order 
to determine the transmittance of P-FeSi2 and to minimize errors resulting from defocusing 
of the beam by the substrate, both a sample with the buried p layer and a silicon substrate
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without implantation should be measured. To ensure identical thicknesses both of them 
were initially cut from the same wafer and were ground and polished at the same time. 
The thickness of the p layer was determined by cross-sectional transmission electron 
microscopy in this study.
4.3.2 Description of the measurement system
A schematic diagram of the system for the optical transmission measurement is 
shown in Fig. 4-1. A tungsten lamp is used as the light source. Light passes through a 
chopper from which a synchronizing electrical output is fed to a lock-in amplifier and is 
then focused by a fused silica lens onto the sample to be measured. The transmitted 
radiation from the sample is collected by the second lens and becomes parallel beams that 
are focused onto the entrance slit of a spectrometer. The widths of both entrance and exit 
slits are kept the same to select a narrow wavelength band AX [4]. When the radiation 
passes tlirough the spectrometer, selected wavelengths are detected and fed to the lock-in 
amplifier. By choosing a proper chopping frequency, the influence of ambient light or 
scattered light on the measurements can be neglected. The resulting signal is amplified by 
the lock-in, and the spectral intensity of the radiation as a function of wavelength is finally 
recorded and displayed in a computer.
To conduct the measurements at low temperatures, the sample is held in a 
Continuous Flow Cryostat (CFC) which operates on the principle of a continuous and 
controlled, transfer of coolant from a separate storage vessel to the CFC. The coolant flows 
through the heat exchanger of the CFC where the temperature is measured and a heater 
is used to control the temperature. The heat exchanger temperature can be maintained at 
any temperature above the boiling point of the coolant, for example, above 77K when 
using liquid nitrogen and above ~4K when using liquid helium. The continuous flow 
system used in this study is to "suck" the coolant through. In this method, the storage 
vessel is maintained at close to atmospheric pressure and a gas flow pump drives the flow 
by creating a pressure difference between the storage vessel and the coolant return line [5]. 
The jacket of the cryostat which is designed to act as a thermal insulator is evacuated to
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around 10'® Torr via a conventional two-stage pumping process. Temperature control is 
performed by a temperature controller, model ITC4, which can accept a wide range of 
different temperature sensors and provide up to SOW of heating power. It also contains 
internal logic to drive a motorized valve as a means of controlling sample cooling in a 
continuous flow cryostat [6].
4.3.3 Experimental procedures
A tungsten-ribbon lamp operating at wavelengths ranging from visible to near 
infraied (up to ~2.5jnm) was employed. If the radiation is so strong that the detector will 
be saturated, one or even several neutral filters are used to reduce the intensity of incident 
light. The chopping frequency was chosen so as not to coincide with the mains or any 
associated haimonics. The dispersive system was composed of a grating blazed at 1pm. 
The widths of both entrance and exit slits were set at 1000pm. The resolution of the 
spectrometer, that depends on many factors including the width of the grating, system 
aberrations, spatial resolution of the detector, and both the entrance and exit slit widths, 
was 1.6nm. The detector was usually cooled with liquid nitrogen at least 30min before the 
measurements. The sample which has been previously mounted on a holder was inserted 
into the cryostat and the pump was switched on afterwards. When a required temperatuie 
has stabilized, that takes approximately 90min to obtain 80K from room temperature, the 
measurement can be carried out. Before changing the sample, the pump must be switched 
off to allow the pressure within the cryostat to reach the atmospheric pressure, thus 
preventing air being drawn into the cryostat and water vapor freezing on the cryostat 
windows.
To ensure most transmitted radiation being collected by the spectrometer, it is 
important to align the optic components including the lens, the sample to be measured, the 
spectrometer and the detector till the maximum signal is received. In addition, wavelength 
calibration should be performed by noting the position of the diffraction grating and 
checking against the reading shown on the computer. These two procedures are necessary 
prior to the measurements.
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Fig. 4-1 A schematic diagram to show the optical transmission measurement system.
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4.3.4 Considerations of experimental accuracy
There are several factors likely to affect the experimental accuracy.
(1) The Lamp: As mentioned in section 4.3.1, both an implanted sample with the p layer 
and an un-implanted silicon substrate should be measured and the data compared 
subsequently in order to obtain the required transmittance of the p layer. Therefore, it is 
important to keep the same experimental conditions for these two measurements. In our 
system the lamp is not constantly charged when it is in use, its efficiency decreases 
gradually. A significant reduction occurs after the lamp is continuously used for a few 
hours. Currently the solution to this problem is to conduct the two measurements in 
succession. If a number of implanted samples need to be measured, the measurement for 
the un-implanted substrate should be carried out between every two measurements for the 
implanted samples, thus preventing any efficiency reduction induced error.
(2) The Filter: When incident radiation is so strong that the detector saturates, one or 
even several filters have to be used to reduce the intensity. It is always better to minimize 
the number of the filters since in our system all the filters are parallel with a short 
distance in between, this could cause fringes on the transmission spectrum, leading to the 
difficulty in band gap energy determination.
(3) The Detector: The spectral response of a Ge detector ranges from 700 to ISOOnm with 
the maximum efficiency at about ISOOnm (Fig. 4-2a). The fundamental absorption edge 
of the IBS p-FeSi^ is at ~0.85eV that corresponds to the wavelength of ~ISOOnm. 
Therefore the Ge detector is suitable for studying the fundamental edge in the material. 
However, to investigate the absorption below the fundamental edge, the Ge detector is not 
the best choice since an optical absorption tail usually extends to longer wavelengths at 
which the response sensitivity of the Ge detector is reduced. In this study, an InSb 
detector which has a wider response range, as shown in Fig. 4-2b, is also used, in 
particular for studying the absorption below the fundamental edge.
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Fig. 4-2 The spectral response of a Ge detector (a) and an InSb detector (b).
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4.4 Transmission Electron Microscopy Measurement
4.4.1 Sample preparation
There were two stages in preparation of a TEM sample. Firstly, the sample was 
cut into small pieces and thinned mechanically, and secondly, further thinning was 
conducted using an ion miller to achieve electron transparency. In the first stage the 
sample was mounted on a holder with normal wax. After cooling it was ground with SiC 
papers up to 4000^  ^and then polished using diamond paste down to 1 pm. The purpose of 
this process is to obtain a slice with parallel-sided surfaces and an ideal thickness of 
around 60pm. The ion miller used in the second stage has two ion guns aiming at the slice 
with an angle of ~15° so that the slice can be further thinned from both sides 
simultaneously. In order to prevent a ridged surface being developed, the slice was always 
rotated during the thinning process. In preparing a cross-sectional TEM sample two ion 
guns were used, while to obtain a plan-view TEM sample only one gun operated because 
the side of the silicon substrate alone needed be removed. An acceleration voltage of 6kV 
was applied to the ion gun, and the beam current for each gun was generally set to be 
0.5mA by controlling the flux of Ar.
4.4.2 Experimental procedures
The TEM study was conducted on a JEOL JEM 2000-fx microscope. The sample 
was mounted on a double-tilting holder which could be tilted about its long axis and an 
axis perpendicular to the holder by up to 60°. The acceleration voltage was selected to be 
200kV. Alignment of the electron beam along the optical axis of each lens was necessary 
before the experiment.
Selected Area Diffraction (SAD) that is achieved by inserting a diffraction aperture 
into the system was used for the phase identification and the orientation relationship 
determination, when the grain size was large enough. However, in many cases the 
precipitates were so small that the SAD pattern became complicated due to the
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contribution from other precipitates outside the selected region. In order to obtain a 
diffraction pattern from a region smaller than ljum in diameter, the microdiffraction 
technique is the best choice, in which the electron beam is controlled by the condenser 
lens system. Microdiffraction plays an important role in high spatial resolution diffraction 
analysis. The only problem in practice is to prevent sample contamination which arises 
from the severely localized and hence enhanced carbon deposition due to the existence of 
hydrocarbon in the electron-sample interaction region [7]. Two methods can be employed 
to reduce such contamination effectively. The first is to keep the sample holder at liquid 
nitrogen temperature, thus the surface diffusion of hydrocarbons is greatly reduced, 
producing a dramatic reduction in contamination rate. The second is to flush a large area 
of the sample with a high intensity of electron beam for several minutes prior to 
commencing microdiffraction, if the sample is not subject to radiation damage and can 
take a mild rise in temperature, hence eliminating later immigration of the organic 
molecules to the electron-sample interaction area.
4.4.3 Phase identification
In this study indexing of both the SAD and microdiffraction patterns was achieved 
by a computer program that contained structure factor simulations of any crystal structure 
or space group. For a-, p- and y-FeSi^ with tetragonal, orthorhombic and cubic structure 
respectively, the corresponding c?-spacing formulas and the angular relationships between 
two lattice planes are given by [8]
c (4-1)
_! = f (4-2)
1 _ h2+/f2+/2
cF (4 -3 )
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cosy
[ ( / j , 2 + / c ^ 2 ) / a 2 4 - / , 2/ c 2 j 1/2 [ ( / ) ^ 2 + ^ ^ 2 y a 2 + / ^ 2 / c 2 ] 1/2
(4-4)
cosy = hja k i^b ^  +1^ 1/2 (4-5)
cosy = h y h ^ - ^ k ^ k ^ + l ^ l z (4-6)
The structure factor for the Cmca space group to which p-FeSij belongs is [9] 
/A = 16 cos  ^ (2itA1^) cos{2rrhx) cos2n{ky+hli) cos2n{lz-!^)
B = 0 (4-7)
4.4.4 Orientation relationship determination
The transfer matrix [M] which suits both tetragonal and orthorhombic structures 
is written as
M  = (4-8)
The lattice parameters for the a- and p-phase are as follows: 
a-FeSi2 i a=6=0.2695nm and c=0.539nm 
P-FeSi2 : a=0.9863nm, 6=0.7791nm and c=0.7833nm
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CHAPTER 5
RESULTS
5.1 Introduction
In this chapter, the results of the structural characterization for both as-implanted 
and annealed IBS FeSi2  samples will be demonstrated with emphasis on the p/Si 
orientation relationship, the internal structure of the p grains and the observation of the 
y-FeSig precipitates. In order to investigate the optical properties of the IBS p-FeSi2 , three 
series of the optical transmission measurements were carried out: (a) an annealed sample 
(4x10’^  FeVcm^, 900°C/18h) measured at temperatures between 10 and 300K; (b) samples 
with the same dose of 4x10'^ FeVcm^ annealed at temperatures ranging from 500 to 900°C 
and measured at room temperature; (c) samples implanted with different Fe  ^ doses (1- 
6x10^  ^ FeVcm^) and measured at room temperature. The method of analysis for 
determining the absorption coefficient of P-FeSij will be presented first, followed by 
showing the results of the optical characterization.
5.2 Structural Characterization
5.2.1 General microstructure
Figures 5-la and 5-lb show a cross-sectional TEM (XTEM) image and a Large 
Angle Convergent Beam Electron Diffraction (LACBED) pattern from the as-implanted 
sample with a dose of 4x10’^  FeVcm^, respectively. It is seen from the XTEM image that 
a layer is buried in the silicon substrate, approximately 45nm below the top silicon 
surface. Phase identification for a number of precipitates was conducted by systematic
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analyses on microdiffraction patterns (Fig. 5-2), indicating the P-phase with orthorhombic 
structure. Moiré fringes were found within the layer and at/near the p/Si interfaces, as 
indicated by arrows in Fig. 5-la. Microdiffraction study has shown that these fringes are 
caused by fine crystals with cubic structure interwoven around the p precipitates, revealing 
that the as-implanted layer is not entirely composed of the p precipitates.
The p precipitates are distributed such that the larger ones are mainly located in 
the region with a thiclcness of ~165mn, while the smaller ones are more extended and 
scattered in the substrate. A mottled structure has been noticed in the area below the lower
p/Si interface. A high level of implantation-induced damage and hence lattice distortion 
were found in the as-implanted sample, which is evidenced by the LACBED pattern. As 
shown in Fig. 5-lb, High Order Laue Zone (HOLZ) lines in the region far from the layer 
are clear and continuous, and the contours are also sharp and well-defined. However, the 
HOLZ lines in the mottled structure area become blurred and gradually disappear when 
approaching the lower interface, and the contours are also severely distorted. The 
disappearance of the HOLZ lines and the distortion of the contours indicate a high level 
of lattice distortion at/near the interface between the layer and the substrate. The presence 
of the small precipitates and a high density of damage leads to the vagueness of the 
interfaces.
Both plan-view TEM and XTEM images from the annealed sample aie shown in 
Figs. 5-3a and 5-3b, respectively. A continuous p layer with well-defined interfaces has 
been formed after annealing at 900°C for 18h. The damage in the substrate has also been 
largely removed, apart from some dislocations still existing beneath the layer. These 
results indicate that the subsequent heat treatment plays an important role in the formation 
of a polycrystalline p layer and the removal of the implantation-induced damage. During 
the amiealing, the larger p precipitates grew at the expense of the smaller ones, leading 
to the shrinking and disappearance of the small precipitates. This coarsening process is 
driven by minimization of the interfacial free energy. As the result, a high density of the 
small p precipitates will coarsen into a lower density of the large grains with a smaller 
total interfacial area, the layer is therefore thickened with a typical thickness of 180nm. 
It is noted that Moiré fringes have not been observed in the samples annealed under these 
conditions.
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5 0 n m
Fig. 5-1 An XTEM image (a) and a LACBED pattern (b) from the as-implanted sample. 
Arrows in (a) indicate Moiré fringes.
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Fig. 5-2 Microdiffraction patterns from the as-implanted sample show the P-phase with 
orthorhombic structure.
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Fig. 5-3 A plan-view TEM image (a) and a cross-sectional TEM image (b) taken from 
the sample annealed at 900°C for 18h.
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5.2.2 p/Si Orientation relationship
Results
The orientation relationship between the P grains and the silicon substrate in both 
as-implanted and annealed samples have been studied using selective area diffraction and 
microdiffraction techniques. Apart from two reported orientation relationships (i)
[010]p//[01 l]si, (202)p//(TTl)si, and (ii) [lTl]p//[01 l]si, (220)p//(TlT)si, five other different 
ones were also observed. The closest orientation relationship, [022]p//[l 1 l]gj, 
(422)p//(202)gj with an angle between zone axes of two phases less than 2°, is shown in 
Fig. 5-4.
O  A A A A A A
a a a a Q a ^ ^  
'  A n  A
O  A A
A O  A A A A A (b )
Fig. 5-4 The observed orientation relationship [022]p//[l 11] ;^, (422)p//(202)sj (a), and the 
key of the index (b).
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The matrix expressions of the orientation relationship between p-FeSi^ and the Si 
substrate are given by [1]
[U]si = [N] [u]p [u]p = [N]-' [U]si
[H]s, = m  ' [h]p [h]p = M  [His,
here [U] and [H] are the lattice direction and plane of the Si matrix, [u] and [h] the lattice 
direction and plane of p-FeSiz- The matrix [N] defined in equation (3-49) and determined 
based on the observed orientation relationship in Fig. 5-4 was obtained as follows
[N] =
0.988 0.035 1.210
-1.453 -0.415 0.760 
0.464 -1.374 -0.198
(5-1)
Thus, 
[N]-  ^ =
[7V]^  =
0.299 -0.440 0.141
0.017 -0.201 -0.667 (5-2)
0.581 0.365 -0.095
0.988 -1.453 0.464
0.035 -0.415 -1.374 (5-3)
1.210 0.760 -0.198
0.299 0.017 0.581
-0.440 -0.201 0.365 (5-4)
0.414 -0.667 -0.095
From the matrix expressions using equations (5-l)-(5-4), it is found that the 
orientation relationship in Fig. 5-4 is not crystallographically equivalent to any of the 
previously reported ones and four others observed in this study. Table 5-1 lists all the 
observed orientation relationships.
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Table 5-1: The observed p/Si orientation relationships in this study. Two orientation 
relationships indicated by star s (*) have been reported in the literature.
[ u  V  w]p // [U V  W]si ( h k l ) p / / ( H K L ) g ;
* [1 Î 1] // [0 1 1] (2 2 0) // ( Ï  1 Î)
'[0 10] // [0 1 1] (2 0 2) // (I Î 1)
[1 0 2] // [0 0 1] (0 2 0) // (2 6 0)
[0 2 2] // [1 1 1] (4 2 2) // (2 0 2)
[0 T 0] // [Î 1 4] (0 0 2) // (2 2 0)
[1 3 1] // [12 3] (3 1 -6) // (2 4 2)
[0 0 4] // [I 1 3] (2 0 0) // (2 4 2)
By examining all the orientation relationships summarized in Table 2-1 (reported 
in the literature) and Table 5-1 (observed in this work), it is noticed that they are fairly 
scattered and vary with growth methods and annealing conditions. For example, two 
orientation relationships, [1 l l ]p // [ l  lOJsi, (110)p//(l 1 1) ;^ and [010]p//[110]si, (1 10)p//(l 1 l)g;, 
were found in the IBS p-PeSi2  layer grown on S i(lll)  without heat treatment above the 
phase transition temperature [2], whereas two different orientation relationships, 
[001]p//[l 10]sj, (001)p//(l 1 l)si and [100]p//[110]g;, (001)p//(l ll)g;, were observed in the IBS 
samples undergoing a two-step annealing process, i.e. a rapid annealing at 1150°C for 10s, 
followed by the second annealing at 800°C  for 17h [3].
Since the orientation relationship between precipitate and matrix in coherent or 
semicoherent materials is usually simple and almost exact, no matter which grovyth method 
and annealing process are employed, it is reasonable to conclude that the IBS P-phase is 
incoherent with the silicon substrate due to the lack of a simple p-FeSi^/Si orientation 
relationship. There only exist preferred orientation relationships which aie largely
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dependent on the process of the ion implantation and the subsequent heat treatment. For 
example, the preferred orientation relationships in the IBS p-FeSig using a two-step 
annealing process are likely to be predetermined by those between the silicon matrix and 
the a  grains which were formed during the first annealing above the transition 
temperature.
Table 5-2 The observed and the equivalent parallel planes of two phases with their 
corresponding lattice mismatches. The mismatch is defined as (a  ^ - agj)/ag;, asj=5.4282Â. 
The equivalent paiallel planes were obtained from the parallel directions, using the 
mathematical transfer as presented in section 3.4.2.
Ta CC) (H K L)g, (h k l)p vs (H K L)si Mismatch (%)
1150/800 (1 1 1) (0 1 0) vs 2(1 1 0) +1.5
900 (1 1 1) (0 1 0) vs 2(1 1 0) +1.5
3(5 3 3) vs (1 1 0) +5.2
850 (0 0 1) (0 1 0) vs 2(1 1 0) +1.5
(2 0 2) vs (1 1 T) -2.1
(4 2 2) vs (0 2 2) -4.1
900
(This work)
(0 0 1) (1 1 0) vs 2(1 1 I) -2.5
(0 2 0) vs 5(2 6 0) -9.2
(4 2 2) vs,(2 0 2) -4.1
(0 0 2) vs 2(2 2 0) +2.0
(3 1 6) vs (2 4 2) +&2
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Table 5-2 gives the observed and the equivalent parallel planes of the p-phase and 
the silicon matrix with their corresponding lattice mismatches. Although the small lattice 
mismatch is an important geometric requirement for the formation of an orientation 
relationship, it does not appear to be the only criterion for that formation. The fact that 
various orientation relationships have been observed suggests that these preferred 
orientation relationships can result from a variety of available parallel lattice planes with 
reasonably small mismatches. It is interesting to note that the lattice plane pair with 
smallest mismatch dose not dominate the process of the p/Si orientation relationship 
formation. For instance, both (020)p//(260)g; and (002)p//(220)g; were observed in this 
study, though their corresponding lattice mismatches are -9.2% and +2.0%, respectively.
5.2.3 Internal structure of p grains
A striking feature of the IBS p-FeSig is the presence of an internal streaking 
contrast in the p grains, as shown by the XTEM image with a superimposed [012] SAD 
pattern taken from the sample annealed at 900°C for 18h (Fig. 5-5). This streaking 
contrast can be observed clearly when the electron beam (B) is perpendicular to the zone 
axis of [200]p and vaguely when tilting the sample off the B_L[200]p condition. The 
streaking contrast with such a characteristic can be attributed to the existence of planar 
defects on (200)p lattice planes, which leads to elongated diffraction spots along the (200)p 
reciprocal vector in the [012]p SAD pattern.
It has been noticed that despite the observation of the identical MicroDiffraction 
(MD) patterns, such as that in Fig. 5-6a, from two narrow domains "1" and "2" as 
indicated in Fig. 5-5, different MD patterns were also obtained when the sample was tilted 
to certain positions. For example, [012], and [021]2 patterns (Figs. 5-6b and 5-6c) were 
taken from the domain "1" and "2", respectively, when using a small electron probe size 
of a few nm to eliminate the streaking contrast within the illumination region. However, 
when using a larger electron probe size to include the trace line between the two domains, 
the MD pattern is a superimposition of the [012], and [021]2 patterns, as illustrated in Fig. 
5-6d.
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Fig. 5-5 An XTEM image of the internal streaking contrast parallel to (2 0 0)p with a 
superimposed [012]p SAD pattern.
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Fig. 5-6 Domain "1" and ”2" as indicated in Fig. 5-5 give an identical MD pattern of 
<010>p (a), (b) and (c) are [012]p and [021]p pattern teiken from the domain "1" and "2" 
respectively, when using a small electron probe size, (d) is obtained with a large probe 
size, demonstrating a superimposition of (b) and (c).
70
Chapter 5 Results
The crystallographic relationship between the domain " 1 " and "2” is illustrated in 
Fig. 5-7, where a, b and c are three axes of a p unit cell. Domain "2" is positioned in a 
way such that its unit cell is rotated 90° around the a-axis of the domain "1". Because 
axes b and c are very similar in length (0=0.779Inm and c=0.7833nm), their difference 
o f-0.5% is hardly noticeable in an electron diffraction pattern. Therefore, the relationship 
between the lengths of two sets of axes (a^  b, c j  and (a; bj Cj) is
« 2  -  ^  -Cl, and Cg »
thus both the reciprocal space vectors (hkl) and the real space vectors [uvw] of 
neighboring domains can be related to each other as
%  h  y  ~  (^ 1 ~k ^i) ; [^2 '^ 2 ^ 2] ~  -W; (5-5)
Based on equation (5-5), the reflection (220), from the domain *T" will be almost in the 
same position of (2 0 2 ) 2  from the domain ’*2", and the position of the allowed reflection 
(0 2 1 ) 2  is the equivalent position of the forbidden reflection (012),, as shown in Fig. 5-7.
(022) (022)
(220) (202)a
Domain 1 Domain 2
Fig. 5-7 Crystallographic relationship between the domain "1" and "2", where a, b and 
c are the axes of a p unit cell in the reciprocal space.
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The keys of the index to Figs. 5-6a and 5-6d are illustrated in Figs. 5-8a and 5-8b, 
where open and filled circles represent the reflections from the domain "1" and "2", 
respectively. It should be pointed out that all the reflections in Figs. 5-6a and 6d are 
kinematically allowed, because they obey the structure factor of Cmca space group to 
which the p phase belongs [4]:
yf = 16 cos  ^ 2 7 r A ^  cos lirhx cos cos 27t(Iz -^^^ ) ; B = 0  ^ ^
The above structure factor shows that A~B=0 when
(i) h+k=2n, k+l=2n+l, and k=0 or 1=0; or
(ii) h+k=2n+l.
® ® ® ® . oTg'-. o .
(002)j
® ® ® ®
® ® ® ® 0 * 0*0
(a) (b)
Fig. 5-8 The keys of index to the MD patterns in Fig. 5-6a (a) and Fig. 5-6d (b).
Since domain "1" and "2" are 90° oriented to one another around [200], and the 
lengths of the axes b and c are very similar, identical diffraction patterns are expected to 
be obtained when the sample is tilted to the proper positions. As demonstrated in Fig. 5-
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8a, [010], and [0 0 1 ] 2  patterns are overlapped without showing any extra reflection. 
However, [012], and [021]2 patterns illustrate different symmetries due to the different 
reciprocal space vectors of (021), and (112)2- The coexistence of such 90° related domains 
at this particular position gives the superimposed pattern of Fig. 5-8b. The trace lines in 
Fig. 5-5 can thus be attributed to the interfaces or boundaries between adjacent domains. 
Although the lengths of b and c are nearly the same, the atomic array along b- and c- 
axes are actually different. The adjacent narrow domains divided by the trace lines can be 
defined as order domains, since the difference between them lies in the difference in the 
array of the component elements.
5.2.4 y-FeSi;
A bright field XTEM image taken from the as-implanted sample is shown in Fig. 
5-9a, where a mottled structure can be seen in the silicon substrate near the lower 
interface. Figure 5-lOa illustrates a typical SAD pattern of [OOljg, obtained from the 
mottled structure region, in which diffraction spots with high intensities correspond to the 
reflections from the Si matrix, while a set of weaker spots is attributed to the reflections 
from [001]  ^ zone axis of face-centered cubic y-FeSi2 with the lattice parameter almost 
identical to that of Si [5]. The streaking contrast suggests that the y-phase exists as very 
thin plates. The key of index to Fig. 5-10a is shown in Fig. 5-10b. By tilting the sample 
to the [110]si zone axis, an SAD pattern from the same area was obtained as shown in Fig. 
5-10c, which exhibits a set of weak y-phase diffraction spots that has a twin relationship 
to the silicon substrate. The key of index to Fig. 5-10c is demonstrated in Fig. 5-lOd, 
where the twin plane is (lll)y. Extra spots which are not shown in Fig. 5-lOd were caused 
by the double diffraction effect, since they could be eliminated by tilting. A Center Dark 
Field (CDF) image obtained using a y reflection (indicated in Fig. 5-10c) is illustrated in 
Fig. 5-9b, revealing that the y precipitates have a typical size of <5nm. The y-phase could 
still be observed after the sample was annealed at 600°C for 18h, though the reflections 
of y-FeSi2  became much weaker. It should be pointed out that a-FeSi2  has not been 
observed in the sample.
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2  0 n m
Fig. 5-9 A bright field XTEM image (a) and a center dark field XTEM image (b) taken 
from the as-implanted sample.
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Fig. 5-10 (a) is a typical [001]g, SAD pattern taken from the mottled structure region and 
(b) the key of index to (a), (c) shows [110]g, pattern from the same area, and (d) the key 
of index to (c) which exhibits a set of the y-phase diffraction spots with a twin 
relationship to the silicon substrate.
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5.3 Optical Characterization
5.3.1 Analysis of transmission measurement data
Curve 1 (circles) in Fig. 5-11 shows a typical transmittance spectrum from an 
annealed IBS P-FeSi2 sample, which was obtained via dividing the radiation transmitted 
from the sample by the incident radiation (method 1). As IBS forms a thin p layer buried 
in the silicon substrate, the transmittance determined by the above-mentioned sample-in 
and sample-out method will include the information from both the layer and the substiate. 
In order to obtain the required transmittance of the p layer alone and minimize errors 
resulting from defocusing of the beam by the substrate, another method (method 2) as 
described as follows has been used in this study.
method 1 
m ethod 20.8
CD 0 . 6  
Ü
I
0.4
I—
0.2
0 .0  L -  0.75 0.80 0.85 0.90 0.95 1.00
Photon energy (eV)
Fig. 5-11 Transmittance spectra from an annealed IBS sample obtained using method 1 
(circles) and method 2 (diamonds).
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Assume that structure A is composed of a buried p film sandwiched between two 
silicon layers, and structure B a bare silicon substrate without implantation, as illustrated 
schematically in Fig. 5-12. The thicknesses of the p film and two silicon layers in the 
structure A are denoted as tp, t^i and t^2 , respectively, while that of silicon in the structure 
B is tg. According to the schematic diagram of transmission and reflection in the structure 
A (Fig. 5-13), the transmitted radiation from the top silicon and the p layer, 1^ , and 1(2, can 
be written as
(5-7)
4  = (1 -^ W  (5-8)
By conducting the optical transmission measurements for the structure A and B, two 
transmittance spectra are obtained
L  = X  r  4  = ( y  (5-9)■'o t^l t^2
T, -  I f  = {l-R^„sy  (5-10)
where ap and ag,- represent the absorption coefficients of the p and the silicon layer. Rgi^ /g; 
and Rgj/p denote the reflectance at the interfaces of air/Si and Si/p, respectively. Provided 
that the conditions of t^ 2  1b Ip ^  1 a2  can be satisfied, the transmittance of the p layer 
can be determined via dividing T^ by Tg
where the multiple internal reflections within the p layer has been taken into account. Rgj/p 
and R^ ir/si are evaluated to be 9% and 30%, respectively, based on the refractive indices 
of n^ i^ =1, ngj=3.5 and np=6 [6]. t^, and tp can be determined by cross-sectional TEM. The
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condition of tp t^ 2  is always satisfied due to the characteristics of the IBS technique. 
To ensure identical thicknesses of the A and B structuies, both the implanted sample and 
the un-implanted silicon substrate were initially cut from the same silicon wafer and were 
ground and polished at the same time.
Curve 2 (diamonds) in Fig. 5-11 shows a typical transmittance spectrum of the p 
layer obtained using method 2. It can be seen that in the region of around 0.75eV where 
the photon energy is far below the fundamental absorption edges of both P-FeSig and Si, 
the values of transmittance determined by the two methods are different: ~4I% and ~81% 
when using method 1 and 2, respectively. In fact, these two values in the non-absorbing 
region are expected. By using equation (5-9) in which the influence of the substrate is 
included, the transmittance of 42% was obtained, that agrees with the experimental data. 
On the other hand, the transmittance of 87% was estimated by using equation (5-11) in 
which only the P layer is taken into account.
'A1 'A2
Structure A Structure B
Fig. 5-12 Schematic diagrams of a sample with a buried p~FeSi2  layer within the Si 
substrate (structure A) and an un-implanted Si sample (structure B).
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Fig, 5-13 Schematic diagram of transmission and reflection in the structure A.
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5.3.2 Measurement temperature dependent behavior
Figure 5-14 shows the ap spectra obtained using equation (5-11) at measurement 
temperatures ranging from 10 to 300K. It is seen that the spectrum shifts towards higher 
energy as the temperature reduces. A shoulder appears on the spectrum at about 15OK and 
becomes more evident at the lower temperatures. Significant absorption below the 
fundamental edge can be observed, which exhibits a progressive shai'pening with 
decreasing the temperature.
+■* XÇ3
o 10
/ V f
10'
300K
280K
250K
220K
200K
180K
150K
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80K
10K
0.75 0.80 0.85 0.90 0.95 1.00
E (eV)
Fig. 5-14 The absorption spectra of the IBS P-FeSi^ at measurement temperatures ranging 
from 10 to 300K.
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As reviewed in section 3.2.1, a direct (Eg°) and an indirect band gap energy (Eg^ ) 
in the parabolic band structure can be determined from photon energy (E) dependence of 
the absorption coefficient (a) by linear extrapolation to a^=0 and respectively. The
square of the IBS p-FeSij absorption coefficient against photon energy is shown in 
Fig. 5-15, in which a linear dependence of on E over an appreciable energy range can 
be seen, revealing the existence of a direct band gap.
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Fig. 5-15 The square of the absorption coefficient, vs photon energy, E, at the 
measurement temperatures ranging from 10 to 300K.
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Fig. 5-16 Variation of the direct band gap Eg° with temperature T. The difference in the 
two theoretical lines indicates the fitting error.
A non-linear regression analysis was performed to determine Eg ,^ since equation 
(5-12) which is used to describe direct transitions [7] exhibits a non-linear relationship 
between the dependent variable a  and the independent variable hv. Here hv is photon 
energy and A' a temperature independent constant.
D M/2oihv = { hv~E„ ) (5-12)
A linear regression equation (5-13) derived from equation (5-12) is established through 
a mathematical transformation
y   ^ ax + b where y=  ( a.hv ) ,^ x-hv, a^A^, h~-A ^ E^. (5-13)
The regression coefficients a (slope) and b (intercept), and hence the direct band gap 
energy Eg° and pre-factor A' can be determined using the least square method. The
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accuracy of the regression is assessed by the correlation coefficient R and residual sums 
of squares S. In theory, the closer the R approaches to 1 and the smaller the S, the better 
the fitting result. In practice, despite the requirements for R and S, it is also important to 
fit the experimental data over an appreciable photon energy range. Figure 5-16 shows the 
variation of the direct band gap energy with the measurement temperature. The increase 
of with decreasing T reflects the temperature dependence of the band gap. For 
example, is ~0.847eV at room temperature, it increases to about 0.904eV at lOK.
5.3.3 Annealing temperature dependent behavior
The IBS p-FeSi2  samples in this study were fabricated by implanting a dose of 
4x10’^  FeVcm^ into a Si(lOO) wafer at a temperature of approximately 350°C, resulting 
from the power of the incident ion beam. After implantation, the wafer was cut into small 
pieces and isothermally annealed in an optical lamp furnace with a Nj ambient at 
temperatures between 500°C and 900°C for 18h. The optical transmission measurements 
were carried out at room temperature for all these samples.
Figure 5-17 shows the ap spectra for both as-implanted and annealed samples. A 
high level of absorption over the entire spectral region is seen for the as-implanted sample. 
The absorption is reduced for the annealed samples, and a progressive reduction appears 
especially around the fundamental edge with increasing annealing temperature T^ . Plots 
of ap  ^vs photon energy E are demonstrated in Fig. 5-18, exhibiting a linear dependence 
of ttp^  on E over an appreciable energy range, thus revealing the existence of a direct band 
gap in the IBS p-FeSi^. Eg°, the direct band gap energy, was also determined by the non­
linear regression method as described in section 5.3.2. The variation of Eg*^  with T  ^ is 
shown in Fig. 5-19, where a small band gap energy of ~0.785eV exists in the as-implanted 
sample. A significant increase of Eg  ^occurs after the sample was annealed at 500°C for 
18h, and a further slower increase of Eg  ^ is seen at the temperatures between 500 and 
900°C. It should be noted that after annealing at 925°C for 18h, the sample has 
transformed to the metallic a-phase, from which no band edge parameters could be 
obtained using the optical transmission measurement.
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Fig. 5-17 The absorption coefficient spectra from the as-implanted sample and the 
samples annealed at temperatures between 500 and 900°C.
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Fig. 5-18 The square of the absorption coefficient vs photon energy from the as- 
implanted sample and the samples annealed at temperatures between 500 and 900°C.
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Fig. 5-19 Variation of the direct band gap (Eg°) with the annealing temperature (TJ 
ranging form 500 to 900°C, including the Eg^  value in the as-implanted sample.
5.3.4 Fe"^  dose dependent behavior
In this study the IBS p-FeSi2 samples were fabricated by implanting doses of 1- 
6x10'^ FeVcm^ into Si(lOO) wafers at about 350°C caused by the power of the incident 
ion beam. After the implantation, the wafers were isothermally annealed in an optical lamp 
furnace with a ambient at 900°C for 18h. The layer thicknesses were measured to be 
about 180nm, 200nm and 210nm for the samples with Fe  ^doses of 4, 5 and 6x10’’ cm' ,^ 
respectively, using cross-sectional transmission electron microscopy.
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Fig. 5-20 The absorption coefficient spectra from the IBS p-FeSij samples with Fe"^  doses 
of 4-6x10^’ cm' .^
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Fig. 5-21 The square of the absorption coefficient vs photon energy from the IBS p-FeSi2 
samples with Fe  ^ doses of 4-6x10'^ cm' .^
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The oGp spectra from the samples with Fe  ^doses of 4-6x10'^ cm'^ are shown in Fig. 
5-20. It is seen that the absorption level below the fundamental edge reduces with 
decreasing Fe  ^ dose. Figure 5-21 also exhibits a linear dependence of ap  ^ on E over an 
appreciable photon energy range, indicating the existence of the direct band gap in the 
material. By using the non-linear regression method, a slightly small direct band gap 
energy of ~0.84eV was obtained in the samples with Fe  ^ doses higher than 4x10^’ cm' .^
5.4 Summary
The transmission electron microscopy study and the three series of the optical
transmission measurements for the IBS p-FeSi2  samples have shown that
1. In the as-implanted sample. Moiré fringes aie caused by the small crystals with 
cubic structure embedded in the p precipitates.
2. The IBS p-FeSi2 is incoherent with the Si substrate due to the lack of a simple 
orientation relationship between these two phases.
3. The internal streaking contrast of the p grains can be attributed to the coexistence 
of the order domains which are 90° oriented to one another around [200]p.
4. Face-centered cubic y-FeSi2 has been observed in the as-implanted sample and the 
samples annealed at temperatures up to 600°C for 18h.
5. A direct band gap exists in the IBS P-FeSi2 with an energy of ~0.847eV at room 
temperature. Significant absorption below the fundamental edge has been noticed.
6. The direct band gap energy in the IBS p-FeSi2  is both measurement temperature 
between 10 and 300K and annealing temperature ranging from 500 to 900°C 
dependent.
7. The direct band gap is slightly small in the samples with the doses higher than 
4x10*  ^ FeVcm^.
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CHAPTER 6
DISCUSSION
6.1 Introduction
In this chapter the structural properties of the IBS FeSij will be discussed, focusing 
on the origin of the internal strealcing contrast of the p grains and the formation of the p- 
phase via the transition phase of y-FeSij. Followed by demonstrating the existence of a 
minimum direct band gap in the IBS p~FeSi2 , the variation of the direct band gap energy 
with measurement temperature ranging from 10 to 300K will be discussed by means of 
the three-parameter thermodynamic model and the Einstein model. The absorption below 
the fundamental edge will be studied in detail. The variation of the band edge parameters 
with annealing temperature between 500 and 900°C and Fe^ doses of 4-6x10*^ cm'  ^will 
also be discussed.
6.2 Structural Properties of the IBS FeSij
6.2.1 Order domains
As presented in section 5.2.3, the internal streaking contrast is attributed to the 
interfaces or boundaries between the coexistent p order domains which are 90° oriented 
to one another around [200]p. The interfaces between adjacent order domains are (200)p. 
The formation of these order domains can be explained in terms of a "growing-in" 
mechanism as shown in Fig. 6-1. At the initial stage of ion implantation, a large number 
of impurity atoms and clusters as well as implantation-induced defects can be easily built 
up randomly in the Si substrate, providing separate nucléation sites for the FeS ,^
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precipitation. In the process of the P-phase precipitation, the algebraic similarity between 
b- and c- axes of the p unit cell can permit the nucléation of neighbouring domains with 
90° orientation relationship. As (200)p is the most compact lattice plane and hence the 
lowest energy plane, growth rate of the p-phase along the [200]p direction is lower than 
other lattice directions. The preferential growth along the directions perpendicular to 
[200]p can lead to plate-shaped p precipitates. The impingements of these P plates form 
order domain boundaries on (200)p. In addition, it is energetically favourable for the order 
domains to align themselves parallel to (200)p, since the atoms at the boundary of (200)p 
are in undistorted positions, thus minimizing the interfacial free energy.
002
“S
020
020 •
’■•'i y s
200
Fig. 6-1 Schematic diagram shows the "growing-in" mechanism for the formation of the 
order domain boundaries on (200)p.
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6.2,2 y-FeSij
y-FeSij was observed in both as-implanted samples and the samples annealed at 
temperatures up to 600°C. As y-FeSij is a metastable phase in the Fe-Si system, the 
precipitation process is suggested as
(Si, Fe)o -> (Si, Fe),4^-FeSi2 ^  (Fe, SO^+p-FeSi^ 
where (Si, Fe)q is the original composition of the as-implanted solid solution, (Si, Fe), and 
(Si, Fe) 2  are the compositions of the matrix in equilibrium with the y- and p-phase, 
respectively. The reason why the precipitation of the equilibrium p-phase is proceeded via 
a transition phase, y-FeSig, can be explained in terms of the classical nucléation theory. 
Figure 6-2 shows the variation of total free energy change AG with size r for a 
homogeneous nucleus [1].
AG
A o o c r
AG
AG
- ‘ V i  AG.rAG- ) oc r
Fig. 6-2 Variation of total free energy change AG with size r for a homogeneous nucleus. 
AG* is an activation energy barrier.
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It is seen that the free energy change associated with a nucléation process in a solid 
can have thi ee contributions: (1) to create a volume K of a nucleus will cause volume free 
energy reduction of VAG ,^ here AG  ^is the free energy per unit volume; (2) to create an 
area A of an interface will give a free energy increase of A ct, here a is the interfacial 
energy between matrix and precipitate per unit area, which varies considerably from very 
low values for coherent interfaces to high values for incoherent interfaces; and (3) in 
general the transformed volume will not fit perfectly into the space originally occupied 
by the matrix and this will give rise to a misfit strain energy per unit volume of the 
nucleus, AG,. Taking a summation over all surfaces of the nucleus into account, the total 
free energy change, AG, is thus written as [1]
AG = -K(AG„-AG) + Ey4;<7,. (6-1)
The effect of the misfit strain energy is to reduce the driving force to (AG -^AGg). AG*, 
corresponding to the critical nucleus size of r*, denotes an activation energy barrier that 
is given by the following equation for a spherical nucleus in the solid state transformation 
[1]:
AG* = ^ -----  (6-2)3 (AG, -  A G f
The nucléation rate for the steady state homogeneous nucléation derived by Uhlmann et 
al is [2]
where is the number of atoms per unit volume, is the solid state diffusion 
coefficient, a^  is the atomic jump distance, k is Boltzmann’s constant and T the 
transformation temperature.
AGy of the p-phase is larger than that of the y-phase at temperatures where the 
equilibrium p-phase is stable. On the other hand, p-FeSi^ has a very different crystal 
structure (orthorhombic) from that of the Si substrate (diamond), hence both a and AGg 
for the p-phase are expected to be much larger than those for the fee cubic y-phase which
9 2
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is, in fact, an ordered derivative of the diamond structure, and the y/Si interfacial energy 
is of the order of that for antiphase boundaries. In the nucléation process of the y 
precipitates which have a twin relationship with the silicon substrate, the o value is also 
fairly low because of the low energy lattice planes of {111}^ The lattice parameter of the 
y-phase is nearly identical to that of silicon [3], giving AGg^O. Consequently, the y 
precipitation is kinetically favoured due to its lower nucléation barrier. The larger 
thermodynamic driving force (aGJ for the P-phase precipitation eventually leads to the 
formation of p-FeSij via the above phase transformation sequence. Figure 6-3a shows that 
the activation energy barrier to the formation of the transition y-phase is small in 
comparison to the barrier against the direct precipitation of the P-phase. The total free 
energy, therefore, reduces more rapidly via y-FeSig than by direct transformation to P- 
FeSi^ (Fig. 6-3b).
In the investigation of lon-Beam-Induced Epitaxial Crystallization (IBIEC) Fe- 
implanted Si(OOl) samples, three Fe disilicide phases were observed coexistent with a 
sequence of y-, a- and p-FeSi^ along the Fe concentration profile starting from the tail 
to the pealc [4]. Two critical Fe concentrations, c ^  and c„.p, were found to be about II 
at.% and 21 at.%, respectively. A sequential phase formation as y— > a — > p-FeSij was 
then proposed.
By examining the experimental details of IBIEC and IBS in this study, a major 
difference in Fe"^  implantation dose between the two growth methods has been noticed. In 
IBIEC low Fe+ doses from 1x10*  ^ to 8x10^ ® cm  ^ were implanted into the silicon, the 
stoichiometric value of 33.3 at% Fe was therefore not reached in the Fe concentration 
profile. It is loiown that p-FeSi2  is a stoichiometric phase with the Fe concentration of
33.3 at.%, whereas a-FeSi^ deviates from stoichiometry due to the existence of ~20 at.% 
Fe vacancies [5]. Because the a-phase can tolerate a high iron deficiency and its tetragonal 
structure can match the silicon matrix better than the orthorhombic P-phase, it is probable 
that the sub-stoichiometric growth condition favours the nucléation of a-FeSij as the 
second transition phase in the process of p-FeSij formation, which could be the situation 
in the IBIEC Fe-implanted materials. However, the a-phase could not be observed in the 
IBS samples in which the stoichiometric value of 33.3 at.% Fe has been reached in the 
Fe concentration profile. This can be attributed to the high dose (4xl0‘^  FeVcm^) used in
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the IBS implantation process, since firstly, the high iron dose guarantees the compositional 
requirement for the formation of the stoichiometric p-phase without involving extensive 
long distance solid state diffusion, and secondly, the thermodynamic driving force (G^) for 
the p-FeSi2  precipitation will be maximized at the stoichiometric composition. Therefore, 
it is likely that the p-phase nucleated directly from the y-phase in the region where the 
iron concentration was maximum. As long as the p-phase had nucleated, there was no 
need to form a-FeSi2  as a transition phase since the p nuclei could grow rapidly sideways 
into the region with lower Fe concentration. The reason for the formation of the transition 
a-phase in the IBIEC samples lies in the difficulty in reaching the stoichiometric 
composition required for the P-phase formation via extensive long distance diffusion. The
difficulty in P-FeSi2  nucléation gives the time for the nucléation of a-FeSi2  due to its 
lower interfacial energy, and its low iron concentration and non-stoichiometric 
composition.
The y-phase is present in the as-implanted sample and the samples annealed at 
temperatures up to 600°C, and it has not been observed in those annealed at and above 
700°C. This indicates that the transition of y- to p-FeSij occuired not only during the 
implantation process but also in the subsequent heat treatments, and it almost completed 
at an annealing temperature higher than 600°C.
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Fig. 6-3 (a) The activation energy barrier to the formation of the transition y-phase is 
small in comparison to the barrier against the direct precipitation of the p-phase. (b) 
Schematic diagram showing the total free energy vs time.
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6.3 Measurement Temperature Dependence of Optical Properties
6.3.1 Temperature dependence of the direct band gap
As reviewed in section 3.2.2, the variation of energy band gap with temperature 
results from thermal dilation of the lattice and the electron-phonon interaction. The first 
component can usually be neglected for most semiconductors due to its limited 
contribution [6]. Hence the electron-phonon coupling is dominant and can be described 
by the three-parameter thermodynamic model [7];
£ (^ r )  = E p )  -  5 <Aw> [ c o t h - ^ ^  -  1 ] (6-4)
where the three parameters are the energy band gap at OK, Eg(0), the average phonon 
energy, <hco>, and the dimensionless coupling constant, S. k is Boltzmann's constant. It 
is found that temperature dependence of the direct band gap, Eg°, in the IBS p-FeSi2  can 
be fitted to this model, as shown by the dashed line in Fig. 6-4. In order to obtain the 
three parameters, <hco> was first determined using the band gap energies at both low and 
high temperatures. Since equation (6-4) shows a non-linear relationship between the direct 
band gap and the measurement temperature, a linear regression equation was established 
via mathematical transformation:
y = ax+by where y =E^ {7), a=~Sy ^=£^(0), %=Aw[coth(^^) -1] (6-5)
The regression coefficients a and b, and hence the coupling constant and the OK band gap 
energy were obtained using the least square method. Consequently, the three parameters 
were determined as Eg(0)=0.901eV, S=2.15 and <hm>=34.5meV. The temperature 
coefficient of Eg° at a constant pressure, dEg”^ (T)/dT, is written as
<“ >
It is seen that if kT >  h co, the temperature coefficient is directly proportional to the coupling 
constant. At room temperature, dEg°/dT was calculated to be 3.23x10'^ eV/K.
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It has been found that the variation of the direct band gap with the measurement 
temperature can also be fitted to an expression [8]
E r r )  = E  r o ) 1e,/T 1-] (6-7)
where K is a temperature-independent constant and the Einstein temperature. The 
physical basis for equation (6-7) is the Einstein representation of the total thermal energy 
of solid. The best fitting result with K=126xl0"^ eV, Eg(0)"0.901eV and 0g=365K was also 
obtained by the non-linear regression method and demonstrated in Fig. 6-4 (dotted line). 
The temperature coefficient at room temperature was evaluated to be 3.07x1 O''* eV/K using 
the Einstein model, in good agreement with that derived from the thermodynamic model.
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Fig. 6-4 Variation of Eg° with the measuiement temperature T. Circles: the experimental 
data; dotted and dashed lines: curves fitting to the Einstein model and the thermodynamic 
model, respectively; and diamonds: the experimental data from reference [9].
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The canier mobility in the IBS |3-FeSi2 layer was estimated to be 48.5 cmWs, 
using equation (6-8) and assuming the same effective masses and the coupling constants 
for the electrons and holes [9]
where Q. is the volume of the p unit cell and m* the effective mass which has been 
determined as m*=0.8m(, for p-FeSi2  [10]. Comparison of our result with those obtained 
in the SPE p-FeSi2  [9] indicates that although the band gap energies at OK are very 
similar, both the electron-phonon coupling constant S  and the average phonon energy 
<h(ji> in our IBS p-FeSi2  samples are much smaller than those of 6.22 and 71 meV, 
respectively. Therefore, the mobility we obtained is higher than their 13 cmW.s. The low 
carrier mobility in p-FeSig was predicted by Christensen and attributed to a particularly 
strong electron-phonon scattering effect [10]. Our experimental result, however, does not 
show any evidence of such a strong interaction which would give a higher coupling 
constant value and hence the lower carrier mobilities. By examining all the reported 
mobilities for p-FeSig fabricated by different techniques, an obvious discrepancy can be 
noted. Hole mobilities as high as 104 cmW s at room temperature have been reported by 
Radermacher et al in their IBS p-FeSi2  samples [11]. This value is much higher than that 
theoretically predicted, indicating that the effect of electron-phonon interaction may vary 
with samples fabricated by different techniques and thermal processes.
6.3.2 Urbach tail and impurity level
The existence of a direct band gap in p-FeSig has been proved. However, the 
difficulty in determining the natuie of the energy band gap lies in the interpretation of the 
strong absorption below the direct gap. In some cases a plot of can give a linear 
dependence on photon energy, suggesting the presence of a minimum indirect band gap 
[11, 12]. In this work we found that it is not necessary to invoke indirect transitions to 
interpret the absorption below the fundamental edge, since these transitions can be better
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interpreted as due to the states within the forbidden gap.
It is found that the absorption coefficient of the IBS p-FeSij below the fundamental 
edge can be fitted to an expression
(6-9)
where photon energy E=hv, Eg is comparable to the band gap energy and Eq an inverse 
logarithmic slope of the absorption coefficient. Both Eg and Eq are temperature-dependent 
parameters. The best fitting results at 300K, 25OK and lOK are illustrated by solid lines 
in Fig. 6-5, revealing an exponential photon energy dependence of ap in the low 
absorption region over the entire temperature range.
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Fig. 6-5 Absorption coefficient spectra of the IBS p-FeSij at 300K, 25OK and lOK with 
curves fitting to the exponential edges (solid lines).
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Equation (6-9) is a typical expression of an Urbach tail absorption for many 
amorphous and crystalline semiconductors [13]. It has been shown theoretically and 
experimentally that the Urbach edge characterized by the width Eq arises from both static 
structural and dynamic phonon disorders. For crystalline semiconductors of high quality, 
Eq is a direct measure of temperature-induced disorder, whereas for amorphous or highly 
doped materials, Eq becomes larger because of the contributions from both thermal and 
structural disorders. The Urbach tail in polycrystalline films has been studied by various 
electrical measurements [14-16]. The results suggested that the tail states were introduced 
into the forbidden gap due to the crystallographic misfit at the grain boundaries. The Eq 
values of 49meV and 69meV for the conduction and valence band tail (CBT and VBT) 
respectively were obtained by Werner et al in their fine-grained silicon films [16]. An 
asymmetry in Eq for the CBT and VBT was attributed to the different effective masses of 
holes and electrons. In this study, Eq of the IBS p-FeSi^ at room temperature was 
determined to be ~47meV which is very similar to that of the CBT in the fine-grained 
silicon films. This result is not surprising because the structural characterization has shown 
a polycrystalline p layer containing a large number of different orientated grains. Although 
it is difficult to determine whether this value is associated with the CBT or VBT using the 
current method, it is probable that the Eq is the width of the conduction band tail, since 
electrical measurement has shown a high concentration of the holes in the IBS p-FeSij, 
which is likely to make the Fermi level lie close to the valence band, thus the transitions 
will mainly occur between the parabolic valence band edge and the exponential conduction 
band tail. Furthermore, the asymmetry in Eq may not exist in p-FeSi2 , according to the 
expression used to describe the band tail width in a three-dimensional system [17]:
.  .  (MO)
Stt [ h /  2tt )
where h is Planck’s constant, m  ^the effective mass of localized carriers, W and L denote 
the Gaussian potential fluctuation variance and the correlation length, respectively. If equal 
values of W and L are assumed for the CBT and VBT in P-FeSi2 , both tails will show no 
evident difference in their widths due to the similar effective masses for the electrons and 
holes [10]. In this case, the Urbach absorption can be proved to behave as a single linear
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exponential with either the conduction or the valence band tail [13].
The widths of the Urbach tail at different measurement temperatures were also 
determined. Figure 6-6 shows temperature dependence of the Urbach tail width between 
150 and BOOK. It is found that Eq can be modeled as an Einstein oscillator (dashed line 
in Fig. 6-6):
E. = 37.3 + 22 [ 1365 /  T -  1 ] (6-11)
where the Einstein temperature of 365K is the same as that discussed earlier in the 
temperature dependence of the direct band gap.
e e Experimental
 Einstein Model
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Fig. 6-6 Variation of the Urbach tail width Eq with the measurement temperature. Circles: 
the experimental data (150-300K), and dashed line; curve fitting to the Einstein model.
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Assume that contributions from structural and thermal disorders to Eq can be 
separated and expressed as
(X , T )  = £„ ( X )  + £„ ( r )  (6-12)
where X represents structural disorder that is temperature independent, while T reflects 
thermally induced disorder that is a function of temperature. By comparing equations (6- 
11) and (6-12), it is seen that in the IBS p-FeSij the structural disorder is dominant at 
room temperature, because it contributes ~37meV to Eq, which is much higher than that 
from the thermal disorder. The temperature coefficient of Eq at room temperature was 
evaluated to be 5.3x10"  ^ eV/K approximately.
As discussed above, the temperature dependence of the Urbach tail width and the 
direct band gap energy can be described by the Einstein model and both of them exhibit 
the same non-linear relationship with the temperature. A linear relation between Eq and 
Eg° can therefore be obtained;
= -G  A£q (6-13)
where the constant G is around 5.7 for the IBS P-FeSij. Figure 6-7 shows the shifts of 
both the Urbach tail width and the direct band gap energy relative to their values at room 
temperature (AEq and AEg j^ with the temperature, and an approximate linear relationship 
between them is illustrated in Fig. 6-8. In fact, the similar linear relationship has been 
generalized in theory [18] and supported by experiments in both hydrogenated amorphous 
silicon (a-Si;H) and crystalline silicon (c-Si). Through this relationship, not only is the 
character of an Urbach edge related to structural and thermal disorder, a band gap is also 
associated with both disorders, which leads to a reduction of the band gap energy from 
its zero-disorder limit. The amount of the reduction is dependent on the degree of both 
disorders in the material. Table 6-1 gives the comparison of the band edge parameters in 
the IBS p-FeSij with those obtained by Cody in a-Si;H and c-Si materials [19]. It can be 
seen that at room temperature Eq in the IBS p-FeSi^ resulting from the thermal disorder 
is similar to that in c-Si, whereas the Eq value due to the structural disorder is even higher 
than that in a-Si;H.
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Fig. 6-7 Shifts of the direct band gap energy and the Urbach tail width relative to their 
values at room temperature (AE ° and AEq) with the temperature between 150 and BOOK.
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Fig. 6-8 The relationship between AEg*^  and AEq. Circles: experimental data, and dashed 
line: result from the regression.
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Table 6-1 Comparison of the band edge parameters of the IBS p-FeSiz with those in a- 
Si;H and c-Si materials.
Eg(BOOK)
(eV)
(9Eg/ÔT)300K
(eV/K)
Eo(X)
(meV)
Eo(BOOK)
(meV)
(5Eo/5T)3ook
(eV/K)
G
a-Si:H 1.72 -4.8x10"* B2.5 12 7.7x10'" 6.2
c-Si I.IB -2.6x10"* 9.6 -4x1 O'" -5
p-FeSiz 0.847 -B.lxlO"* 37.3 9.3 5.3x10'" -5.7
Recent theoretical study of grain boundaries in silicon has suggested that the band 
tail states can be caused by bond distortions at grain boundaries, and the penetration of 
the states into a minimum band gap depends on the degree of bond distortions [20]. This 
suggestion is consistent with some experiments. For example, hydrogen plasma treatment 
of polycrystalline silicon resulted in a substantial reduction of both shallow and deep state 
levels, leading to the steepness of the tail [21]. In the IBS polycrystalline p-FeSi^, the 
structural characterization has demonstrated that the layer is composed of a large number 
of p grains with different p/Si orientation relationships. The lattice mismatches of the 
observed and the equivalent parallel planes between the two phases vary from +2.0% to - 
9.2%, this means the presence of crystallographic mismatches between the p grains. Bond 
distortions existing at the grain boundaries can generate states penetrating into the 
minimum direct band gap of p-FeSiz and forming the Urbach tail characterized by Eo(X).
Apart from the transitions involving the Urbach tail states in the low absorption 
region, it is also noticed that a shoulder superimposes on the ap spectrum just below the 
direct transitions and exhibits a temperature dependent behaviour. The shoulder is 
"blurred" at the temperatures between 150 and BOOK, then becomes evident as temperature
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is reduced. The appearance of the shoulder indicates the existence of an additional 
absorption mechanism. It is found that the absorption associated with the shoulder can be 
fitted to an expression
a {h v) = C' { h p -  j-E- )1/2 (6-14)
where Ej is the ionization energy of an impurity level. The absorption spectrum at lOK 
with best fitting result (solid line) is illustrated in Fig. 6-9 where in region A, the 
absorption was fitted to equation (5-12) describing direct transitions. The absorption in 
region C was fitted to equation (6-14) involving the transitions from an ionized impurity 
level. For the absorption between A and C (region B), a regression method involving two 
independent variables was performed based on equations (5-12) and (6-14), giving a 
reasonably good fit to the experimental data.
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Fig. 6-9 The absorption coefficient against photon energy at lOK with a curve inW fitting 
to the direct transitions and a curve in C fitting to the transitions from an ionized impurity 
level.
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From the absorption spectrum at lOK, Ej was evaluated to be 8meV approximately. 
Since electrical measurements have shown a p-type p layer, it is probable that the existing 
impurity acts as an acceptor with an ionization energy of 8meV above the valence band 
edge. The transitions between the ionized acceptor level and the conduction band edge 
give rise to the absorption with an edge of identical shape to the fundamental edge but 
smaller in magnitude and displaced by the ionization energy, as shown by the spectra 
at low temperatures in Fig. 5-15. Generally the absorption related to a shallow impurity 
level can not be distinguished from fundamental transitions due to the broadening effect 
caused by phonon scattering. The broadening effect is reduced with decreasing 
temperature, resulting in the appearance of the shoulder on the ap spectra.
The ionization energy of the shallow impurity level was also estimated in terms 
of the hydrogen-like approximation, in which a stationary impurity ion forms a bound 
state with an effective mass of m* and moving in the material with a high dielectric 
constant of e. An ionization energy, the energy binding a carrier to an impurity, is 
determined by [22]
where q is the electron charge, m is the mass of an electron in vacuum, and n a quantum 
number >1. The ionization energy from a ground state to the band edge is obtained by 
choosing n=l in equation (6-15). In the case of the p-phase, e is about 36, which equals 
to the square of the p-FeSi2  refractive index [23], and the effective-mass ratio is 0.8 [10], 
the ionization energy was thus evaluated to be ~8.5meV which agrees with the 
experimental result.
6.4 Annealing Temperature Dependence of Optical and Structural Properties
In the above section, variations of E^  ^and Eg with the measurement temperature 
were studied by means of the Einstein model. A linear relationship between AEg  ^and AEq 
as expressed by equation (6-13) was obtained due to the same non-linear relations of E °
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and Eq with the measurement temperature, indicating the association of both Eg° and Eq 
with the structural and thermal disorder in the material. The influence of the thermal 
disorder has been revealed by the measurement temperature dependence of Eg° and Eg. In 
this study the optical transmission measurements were carried out at room temperature for 
all the IBS P-FeSij samples which were annealed at different temperatures, thus the 
variations of Eg° and Eg with the annealing temperature reflect the effect of the structural 
disorder, since heat treatment generally changes the crystal structure, and so could 
influence the optical properties of the material.
The absorption coefficient below the fundamental edge for both as-implanted and 
annealed IBS p-FeSig can also be fitted to the exponential Urbach tail as described by 
equation (6-9). Figure 6-10 shows the spectra with curves fitting to the Urbach tails 
(solid lines). The Urbach tail width, Eg, in the as-implanted sample was evaluated to be 
as high as ~290meV. A considerable reduction of Eg occurred after the sample was 
annealed. The variation of Eg with the annealing temperature T^  is illustrated in Fig. 6-1 la, 
where Eg decreases sharply from -290meV at the implantation temperature (~350°C) to 
~125meV after the 500°C annealing. Subsequently, a steady decrease of Eg takes place at 
the temperatures ranging from 500 to 900°C. Comparing the variation of Eg with T^  (Fig. 
6-1 la) to that for Eg° shown in Fig. 6-1 lb, both are annealing temperature dependent in 
such a way that a dramatic change occurs at a T  ^ of 500°C and is then followed by a 
relatively slow change between 500 and 900°C, although they exhibit the opposite trends 
with Tg.
In order to investigate the effect of T^  on the structural and hence the optical
properties of the IBS p-FeSiz, TEM studies were carried out for both as-implanted and
annealed samples. Cross-sectional TEM images taken from the as-implanted sample and
the sample annealed at 500°C are shown in Figs. 6-12a and 6-12b, respectively. In
comparing the two figures, despite the similarity of the mottled structures in the silicon
substrates near the lower p/Si interfaces, the as-implanted layer contains a high density of
the small p precipitates and the interfaces between the layer and the substrate are vague.
However, the annealed layer is well-shaped and composed of a low density of the large
P grains. Figures 6-13a and 6-13b show plan-view TEM images taken from the samples 
annealed at 600°C and 900°C, respectively. It has been noticed that the average grain size
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in the layer annealed at 900°C is larger than that annealed at 600°C, indicating that 
annealing at a higher temperature can lead to a further growth of the p grains, which is 
driven by minimizing the free energy of the material. The crystal quality of the p layer 
has been further improved after the 900°C annealing, as shown by the XTEM image in 
Fig. 5-3b, in which implantation-induced damage in the mottled structure area has been 
largely removed and the p layer is well-defined with sharp interfaces between the layer 
and the substrate.
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Fig. 6-10 The absorption coefficient spectra for the as-implanted and annealed samples 
with curves fitting to the Urbach exponential tails (solid lines).
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Fig. 6-11 Variation of the Urbach tail width Eq (a) and the direct band gap energy Eg° 
(b) with the annealing temperature T^ . The Eg and Eg° values for the sample undergoing 
a two-step annealing process are indicated by filled circles.
109
Chapter 6 Discussion
(a) 5 0 n m
im--
l O O n m
Fig. 6-12 XTEM images taken from the as-implanted sample (a) and the sample 
annealed at 500°C for 18h (b).
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Fig. 6-13 Plan-view TEM images taken from the samples annealed at 600°C for 18h (a) 
and 900°C for 18h (b).
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It should be pointed out that in this study the irregularities of the p layer have been 
taken into account in determining the absorption coefficient. When light is normally 
incident on a surface with a Gaussian distribution of the roughness, the observed 
reflectance in the specular direction is given by [24]
K  = ] (6-16)
where is the reflectance for a smooth surface of the same material, aiih a are the
vacuum wavelength and the rms (root-mean-square) height of the surface irregularities, 
respectively. The transmittance of a film with a smooth surface and a thickness of d  is 
written as [6]
T  = {1-RY exp{-cid ) (6-17)
When the surface roughness can not be neglected, and also it is small relative to the 
wavelength of incident light, i.e. the condition of 1 is satisfied, the transmittance T, 
then follows [24]
T; = (1 -R , y  exp{-0id ) «  {1~R  ^ y  e x p ( - a ^  af ) (6-18)
where the effective absorption coefficient is
In practice, is determined by the transmittance from the optical transmission 
measurements, the real absorption coefficient, a , is thus obtained by subtracting the 
"equivalent absorption" (a^^) caused by the surface roughness from the effective 
absorption. It can be seen that the influence of the surface roughness on the "equivalent 
absorption" is wavelength dependent, which decreases with increasing wavelength. In this 
study the rms height of the surface irregularities was estimated by cross-sectional TEM 
analyses. The results have indicated that the condition of oA 7 is satisfied even for the 
as-implanted layer.
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It has been noticed that the annealing temperature dependence of the direct band 
gap energy in the IBS p-FeSi^ is different from either that in a crystalline material, such 
as low dose implanted c-Si in which the indirect band gap Eg' does not show a specific 
Tg dependence due to the negligible structural disorder, though it exhibits comparable 
thermal site disorder as a-Si:H [25]; or that in an amorphous material, such as ion 
implanted a-Si in which Eg' increases rapidly with [25]. In the IBS p-FeSi^, the 
variation of Eg'^  with reveals the effect of the structural disorder in the material. The 
small Eg'^  value in the as-implanted sample can be attributed to its amorphous-like 
structure caused by a high level of implantation-induced damage [26] and hence the lattice 
distortion induced strain. A significant increase of Eg'^  after annealing at 500°C, which 
behaves similar to that of the amorphous material, results from structural relaxation 
associated with the removal of the damage and the reduction of the strain to an 
appreciable extent. The transformation from the amorphous-like to the polycrystalline P- 
FeSi2  has been achieved after the sample was annealed at 500°C, which is also shown 
from the structural characteristics of the p layer in Fig. 6-12b. A slow increase of Eg'^  
between 500 and 900°C is therefore attributed to the further removal of the residual 
damage and reduction of the residual strain in the polycrystalline P-FeSiz. A similar 
structural relaxation process has also been reported in ion-implanted a-Si [27], in which 
a progressive decrease of strain with annealing temperature leads to the increase of the 
band gap energy.
The annealing temperature dependence of the Urbach tail width between 500 and 
900°C is consistent with the theoretical suggestion that distorted bonds are contained at 
grain boundaries in polycrystalline materials. By examining the results of both 
transmission electron microscopy and the optical transmission measurements, it can be 
seen that as T  ^ increases, the p grains grow larger (Figs. 6-13a and 6-13b) and Eg is 
reduced. This means that as the result of increasing the annealing temperature, the grain- 
boundary areas become smaller, leading to a lower density of distorted bonds at the grain 
boundaries and less penetration of electronic states into the forbidden gap to form band 
tails. In a study of polycrystalline silicon containing a low concentration of impurities, 
which was fabricated by rapid solidification [28], it is also found that the band tail states 
generated during the rapid solidification process were substantially decreased by annealing
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in an Ar atmosphere, indicating that the subsequent heat treatment can reduce the densities 
of distorted bonds at the grain boundaries.
The idea of obtaining a larger p grain size and thus less distorted bonds by 
increasing the annealing temperature is obviously limited by the phase transition 
temperature of ~925°C determined in this work, which is ~10°C lower than that reported 
in the literature [5]. One available method is to form an a  layer by annealing the sample 
above the transition temperature, followed by transforming the a- to the p-phase via 
prolonged annealing below that temperature [29, 30]. In this study it is found that after 
amiealing at 1050°C for only 15s (sample A), the layer of a thickness ~205nm was the 
a-phase with an average grain size of a few pm, as shown by the image of differential 
interference contrast microscopy in Fig. 6-14a. After the second annealing at 850°C for 
18h, the majority of the grains still remained in the a-phase, indicating the difficulty in 
transforming the a - back to the p-phase. A ~180nm-thick p layer seemed to be formed 
after a prolonged annealing at 850°C for another 20h (sample B), since the band edge 
parameters were obtained from the optical transmission measurement. It should be pointed 
out that although the p grain size in sample B (Fig. 6-14b) appears to be similar to the a  
grain size in sample A, the transmission electron microscopy analyses have revealed that 
each large p grain is in fact composed of a few sub-grains with a very close orientation 
relationship.
In comparison of the grain size in sample B to those in the samples annealed only 
once at the temperatuies below 925°C, it was expected that better optical properties could 
be obtained from sample B due to its larger grain size and hence lower density of 
distorted bonds. However, it appears that the direct band gap energy is smaller and the 
Urbach tail width is larger than those in any of the other annealed samples. A detailed 
TEM investigation was carried out and found that despite the predominance of the p-phase 
in sample B, some small a  grains are distributed in the layer, in particular positioned 
between two large p grains, as shown by the XTEM image in Fig. 6-15. The presence of 
these a  grains can cause an increase of the reflectance, that has been confirmed by the 
reflection measurements.
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100pm
Fig. 6-14 Differential interference contrast microscopy images taken from sample A 
(1050°C/15s) (a) and sample B (1050°C/15s + 850°C/36h) (b).
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Fig. 6-15 An XTEM image taken from sample B with a two-step annealing process 
(1050°C/15s + 850°C/36h).
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Fig. 6-16 Spectra of the reflectance from sample A (circles), sample B (diamonds) and 
sample C (triangles).
1 1 6
Chapter 6 Discussion
Figure 6-16 shows the reflectance {R) vs photon energy (£) from sample A (a- 
phase), B ((3-phase dominant) and C (P-phase), obtained by normal-incident reflection 
measurements. The reflectance of sample A increases as photon energy is decreased in the 
investigated spectral range, corresponding to that of the silicon substrate transparency. This 
result is not surprising because of the metallic conductivity of the a-phase and the stronger 
absorption by the free carriers at longer wavelengths. The reflectance of sample C exhibits 
an increase at an energy of around 0.85eV, in agreement with the position of the 
fundamental absorption edge in the IBS p-FeSis* The spectrum of sample B in which some
a  grains are present appear s to be similar to that of sample C but with a higher reflection 
level. The similarity between these two spectra indicates the predominance of the p-phase 
in sample B, whereas their difference, in particular below the fundamental edges, is due 
to the remaining metallic a  grains in the layer. Taking the additional reflectance into 
account, the band gap energy and the Urbach tail width in sample B are of ~0.812eV and
~96.75meV, respectively, as shown by filled circles in Figs. 6-1 la  and 6-1 lb. Comparing 
to Eg° and Eq in sample C that was annealed only once at 900°C for 18h, the Eg° value
in sample B is still smaller and Eq is larger, which could result from the additional states
induced by the metallic a  grains into the forbidden gap.
6.5 Fe  ^Dose Dependence of Optical and Structural Properties
In section 5.3.4, it has been shown that the direct band gap energy in the IBS P- 
FeS^ can be properly determined from the layer with a dose no less than 4x10'^ FeVcm^ 
that is required to form a continuous layer [30]. For the samples with doses higher than 
4x10'^ Fe^/cm^, the direct band gap energies are slightly small (~0.84eV) but do not show 
specific dose dependence. The Urbach tail width, however, varies with the Fe  ^ dose. As 
demonstrated in Fig. 6-17, Eq exhibits a progressive increase with increasing the dose. In 
this study, all the samples have been annealed at the same condition of 900°C for 18h, and 
well-defined polycrystalline p layers with the similar grain size and the crystal quality are 
expected. The difference in Eg is thus attributed to an additional effect caused by high 
dose implantation.
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Fig. 6-17 Variation of the Urbach tail width Eq with the Fe  ^dose from 4 to 6x10 cm .
Figures 6-18a and 6-18b show X-Ray diffraction patterns from the sample of 
6x10’^  FeVcm^ before and after the annealing. 20 values at peak positions for Cu K„ 
radiation and the corresponding Miller indices (hid) are given in Table 6-3. It has been 
noticed that apart from the (3-phase, different phases, especially the metallic FeSi phase, 
exist in this sample. By examining the diffraction patterns in Fig. 6-18, it is seen that 
before annealing the intensities of the (111) and (221) reflections from the FeSi phase are 
stronger, while those from the [3-phase, such as the peak corresponding to the (220)p or 
(202)p reflection, are relatively weaker. The simultaneous increase of the peaks from P- 
FeSij and decrease of those from FeSi indicate that the phase transformation from FeSi 
to P"FeSi2  occurred during the subsequent annealing process, though this transformation 
has not completed and some FeSi precipitates still remain. The strong orientation 
dependence of the peak intensity leads to the difficulty in extracting the relative amount 
of FeSi and FeS^, from the X-Ray diffraction results. The unknown pealc at 20 of -33.2° 
could be attributed to the diffraction of Fe^O ,^ since an oxygen peak is shown in the
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spectrum of Rutherford Backscattering Spectrometry from this sample. It is interesting to 
note that the FeSi diffractions were only detected in the as-implanted sample with a dose 
of 5x10'^ FeVcm^; they are, however, absent in either the as-implanted or the annealed 
sample with a dose of 4x10'^ FeVem .^
29. r 34.3= 46.0° 49.5= 61.9=
(a)
jm uu .uLL.i; f>
(b)
Fig. 6-18 X-Ray diffraction patterns from the sample with a dose of 6x10'^ FeVcm  ^
before (a) and after (b) annealing at 900°C for 18h.
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Table 6-3 Designation of the X-Ray diffraction peaks.
Phase P-FeSiz FeSi
20 29.U 46.0° 4 9 j° 34.3° 61.9°
(hkl) (220) or (202) (331) (422) (111) (221)
The presence of the FeSi phase in the IBS samples with doses higher than 4x10*  ^
FeVcm^ suggests that a pure continuous p-FeSig layer can only be formed when the 
implantation dose is chosen to be 4x10’^  FeVcm^, in which the stoichiometric value of 
33.3 at% Fe has been reached in the Fe concentration profile [31]. An "over- 
stoichiometric" implantation can result in the formation of the metallic FeSi phase, giving 
the additional states within the minimum band gap and leading to the larger Urbach tail 
width. The Fe  ^dose dependence of the Urbach tail width indicates that the amount of FeSi 
is increased with increasing the Fe^ dose.
For the samples implanted with doses between 1 and 3x10^  ^FeVcm^, in which the 
stoichiometric Fe value is not reached in the Fe concentration profile, the spectral 
transmittance obtained using method 2, that has been described in section 5.3.1, exhibits 
a strange behaviour. Figure 6-19 shows the transmittance from the sample of 1x10*^  
Fe^/cm .^ It is seen that two rapid reductions of the transmittance take place at the energies 
of ~0.85eV and -^1.12eV, which correspond to the fundamental absorption edges of the 
P-phase and the silicon substrate, respectively. The transmittance with such a 
characteristics is attributed to the discontinuity of the p layer, that has been confirmed by
the XTEM image taken from the same sample in Fig. 6-20.
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Fig. 6-19 The transmittance spectrum of the sample with an Fe  ^ dose of 1x10'^ cm'^
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Fig. 6-20 An XTEM image taken from the sample with a dose of 1x10'^ FeVcm^.
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6.6 Summary
1. The mechanism for the formation of the order domain boundaries can be attributed to 
the impingements of separately nucleated growing p-FeSi2  nuclei during the implantation 
and the subsequent annealing.
2. The nucléation of the equilibrium P-phase is proceeded via the transition y-phase due 
to its better lattice match with the silicon substrate and hence the smaller activation energy 
barrier to the formation of y-FeSi^ in comparison to the barrier against the direct 
precipitation of p~FeSi2 .
3. A minimum direct band gap exists in the IBS p-FeSi2  with a value of 0.847eV at room 
temperature. The absorption below the fundamental edge is caused by the Urbach tail 
states, resulting from both the structural and thermal disorders. The structuial disorder is 
dominant at room temperature.
4. The small band gap energy and large Urbach tail width in the as-implanted sample are 
due to a high level of damage-induced strain in the material. A rapid increase of the band 
gap energy and decrease of the Urbach tail width after the 500°C annealing is associated 
with the strain relaxation. A further slow increase of the band gap energy and decrease 
of the Urbach tail width at the annealing temperatures between 500 and 900°C result from 
a further reduction of the residual strain and distorted bonds at the grain boundaries,
5. The Fe'" dose dependence of the Urbach tail width can be attributed to the presence of 
the metallic FeSi phase in the sample with a dose higher than 4x1 O’’ FeVcm^, which leads 
to additional states penetrating into the forbidden gap.
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CONCLUSION AND FUTURE WORK
7.1 Conclusion
The structural and optical properties of the IBS (5-FeSi2 have been investigated by 
transmission electron microscopy and optical transmission measurements. For the structural 
characterization, the emphases were put on (a) the orientation relationship between the p 
grains and the silicon substrate, (b) the internal structure of the p grains, and (c) y-FeSi2 . 
For the optical characterization, we concentrated on the nature of both the energy band 
gap and the absorption below the fundamental edge in the IBS p-FeSi2 . In studies of 
measurement temperature, annealing temperature and Fe"" dose dependence of the band 
edge pai'ameters, both the structural and optical characterization were carried out to 
understand the influence of the structure on the optical properties.
Five different orientation relationships between the p grains and the substrate were 
observed in this study. It is suggested that the IBS p-FeSi2 is incoherent with the silicon 
matrix due to the lack of simple and exact p/Si orientation relationships. The preferred 
orientation relationships can result from a number of parallel plane pairs with reasonably 
small lattice mismatches between the two phases, and depend on growth methods and 
annealing conditions.
The streaking contrast within the p grains is caused by the interface between the 
coexistent p order domains which are 90° oriented to one another around [200]p. The 
interface between the adjacent order domains is (200)p. The formation of the order domain 
boundaries is attributed to the impingements of separately nucleated growing p nuclei 
during ion implantation and subsequent annealing process, due to the similarity in length 
of the b- and c- axes in a p unit cell.
The observation of y-FeSij in the as-implanted sample and the samples annealed 
at temperatures up to 600°C suggests that the y-phase acts as a transition phase in the 
precipitation of the equilibrium p-phase. The better lattice match of the y-phase with the
125
Chapter 7  Conclusion and Future Work
silicon matrix leads to a smaller activation energy barrier to the formation of y-FeSi2 . The 
absence of a-FeSi2  in the IBS samples can be attributed to the high dose implantation 
(>4x10'^ FeVcm^), in which the stoichiometric value of 33.3 at.% Fe is reached in the Fe 
concentration profile.
The photon energy dependence of the absorption coefficient demonstrates a 
minimum direct band gap of ~0.847eV at room temperature. The absorption below the 
fundamental edge results from the Urbach tail states penetrating into the forbidden gap. 
The Urbach tail width is of ~47meV at room temperature. A shallow impurity level with 
an ionization energy of ~8meV also contributes to the absorption below the fundamental 
edge.
The measurement temperature dependence of both the direct band gap energy and 
the Urbach tail width can be described by the Einstein Model, which shows the influence 
of thermal disorder on the band edge parameters. In comparison to the thermal disorder 
in the IBS p-FeSi2 , the structural disorder is dominant at room temperature.
The annealing temperature dependence of the band edge parameters reflects the 
effect of structural disorder in the IBS p-FeSi2 - The variation of the Urbach tail width with 
the annealing temperature between 500 and 900°C indicates the influence of the distorted 
bonds at the grain boundaries. Heat treatment after implantation plays an important role 
in the formation of the polycrystalline p layer and the removal of the implantation-induced 
damage.
The implantation dose can have an evident effect on the structure in the way such 
that a discontinuous p layer forms when Fe"" is of 1-3x10*  ^ cm" ;^ a continuous p-FeSiz 
layer is obtained for the dose of 4 x 1 cm' ;^ the metallic FeSi phase exists in the layers 
with the doses of 5-6x10'^ cm '\ though p-FeSi; is predominant. The band edge parameters 
can not be obtained properly from the discontinuous p layer, whereas the slightly small 
direct band gap and the relatively large Urbach tail width in the samples of 5-6x10'^ 
FeVcm^ can be caused by the presence of a small amount of the FeSi phase.
From the structural and optical studies of the IBS p-FeSij, it can be concluded that 
this material is a good candidate for optoelectronic devices due to its direct energy band 
gap. Since the properties vary considerably with the conditions of implantation and 
annealing, it is important to optimize these processes to obtain p~FeSi2 of quality.
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7.2 Future Work
1. Although some experiments have been shown that p-FeSi2  can give photoluminescence 
(PL) at the wavelength of 1.5pm [1], it is noticed that these samples were implanted at 
low doses such as 5x10'^ FeVcm^. In other words, the PL signal was obtained only from 
discontinuous p layers. When using high dose ( > 4 x 1 FeVcm^) implantation to form a 
continuous layer, PL signal reduced and even disappeared completely. Figure 7-1 shows 
the intensity of the PL signals against wavelength of 1.0-1.8pm, where the small peak at 
about 1.12pm corresponds to the PL from the Si substrate, while the peak at ~ 1.52pm is 
supposed to be related to the PL from p-FeSij. The measurements were carried out at 
15K. It is seen that the pealc at 1.52pm reduces with increasing the dose from 2 to 4x10*’ 
FeVcm^. No signal was detected from the samples of 5-6x10*’ FeVcm^. The absence of 
the PL in the continuous p layer opens a question. Further study needs to be performed 
to find the reason and to establish the recombination kinetics.
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Fig. 7-1 Photoluminescence spectra at 15K from the IBS samples of 2-4x10*’ FeVcm’
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2. It has been shown that the properties of p-FeSiz can be modified by addition of a third 
element such as Co [2-5]. Both the phase transition temperature and the band gap energy 
in (Fe,_xCoJSi2 decrease with increasing Co concentration. Our previous study on the IBS 
(Fe,_xCoJSi2 has also demonstrated that (a) the direct band gap energy is reduced from 
-0.830 to ~0.815eV as Co  ^ increases from 1 to 10x10'^ cm ’ for the samples annealed at 
850°C for 18h. The shift of the gap energy is not as much as that reported in the literature
[2], and (b) in combination of the experimental data from Ref. [2], the variation of the 
annealing temperature with Co content is illustrated in Fig. 7-2, where the definition of 
the Co content is x=Co7(Co^+Fe^). The shadowed area in the figure is a stability region 
for the P-phase. Based on the above results, more experimental data should be added in 
Fig. 7-2 to work out the ternary Fe-Co-Si phase diagram around (Fej.^CoJSij. Further 
study can be carried out to understand the effects of Co on the microstructure and the 
band edge parameters of the material.
Oo
f -
900
880
860
840
820
800
p Phase
0.00 0.05 0.10 0.15
Co Content (%)
0.20
Fig. 7-2 Variation of annealing temperature with Co content shows a stability region for 
the p-phase (shadowed area).
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3. Apart from the addition of Co to form ternary (Fe,.xCo^)Si2 , Ge^ was also implanted 
into the material to form (Fe,.^GeJSi2 . The results of optical transmission measurements 
have shown that the direct band gap energy shifts towards higher photon energy with 
increasing the Ge  ^ dose for the samples annealed at 900°C (Fig. 7-3), whereas the shift 
in the opposite direction was also observed from the samples annealed at 600°C. This 
means that Ge could be a better candidate to tailor the band gap of the material. 
Therefore, it could be interesting to carry on this study to find the role of Ge in both 
structural and optical properties.
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Fig. 7-3 The square of the absorption coefficient vs photon energy for the (Fej.^GeJSij 
samples with the same Fe"^  dose of 4x10'^ cm'  ^but different Ge  ^doses. All these samples 
were annealed at 900°C.
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